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I. INTRODUCTION 



A. Purpose of the Report 

This report summarize current and potential uses of analytical 
•methods in transit maintenance managanent. It provides an overview of 
current record keeping practice, identifies a number of newly energing 
quantitative techniques, and outlines their potential role in improving 
the reliability and cost- effectiveness of transit operations. The 
objectives of this report are toe 

1. Summarize current maintenance management procedures. 

2. Identify gaps between management needs and current decision-making 
aids, 

3. Survey potentially beneficial analytical tools, ^ 

4. Assess the data requirements and potential benefits of new 
approaches to maintenance managanent. 

B. Major Findings 

1. Maintenance management tools for controlling and monitoring 
routine daily activities are fairly well developed and have 
been widely adepted. 

Most properties are using systens for preventive maintenance monitoring, 
work order processing, driver defect reporting, fluid monitoring, and 
cost analysis. These systens differ in complexity and degree of 
automation, but they generally meet tne information needs of management 
and supervisors. The availability of low cost canputer hardware is 
facilitating the adoption of progressive systens at medium and smaller 
properties. 

2. Several techniques for improving the performance of mechanics 
have been developed and implanented, but th&f have yet to 
receive widespread accqotaiice. 

Both the Chicago Transit Authority and the Detroit SEMTA system have had 
pos i tive ocpo-L i ences wi th work methods analys is and job performance 
aids. These systens have been adepted by both properties. Several 
other cperators are interested in these techniques, but most systans are 
not new using such approaches. The time and cost of developing work 
standarris and job performance aids is a major barrier to their adoption. 

3. Current maintenance* management tools do not address strategic 
planning issues. 

Current techniques are focused on controlling and monitoring daily 
activities. They do not produce the type of information needed to 
prepare bidget forecasts, to predict the impact of changes in the level 
and tiding of maintenance, or to evaluate alternative maintenance 
schedules. Methods for vehicle replacenent analysis are also not widely 
ised. 
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The absence r£ strategic planning methods can be attributed to the 
relatively recent nature of concern about cos control in maintenance, 
the data requirements of strategic planning *v 1 and strong pressures 
on management to deal with day-to-day issues 

4. A number cf analytical methods hare potential for improving 
management's strategic planning capability. 

The most premising are survivor curve methods for performance analysis 
and workload projection. These techniques can be used to project future 
woxkload levels and budget needs on the basis of vehicle and component 
life expectancies. The/ can also be used to test the impact of 
alternative maintenance policies and schedules on performance and 
budgets. 

Hie more advanced maintenance schedule optimization methods also 
have potential, but the/ require stronger assumptions about the type of 
maintenance activities involved. The probability that these methods 
will be adopted in the near future is lower than that for the survivor 
curve and forecasting techniques. 

It is least likely that the industry will adopt prescriptive 
vehicle replacement methods. While these methods are being used to 
control costs of large ncn-trarsit fleets, the/ are based on assumptions 
vrfiich do not correspond well with the budgeting and management environ- 
ment of U.S. transit operations. 

C. Rec anmendat ions 

The research tean belia/es that current maintenance managonent 
tools can be effective in controlling routine, day-*to-day activities. 
Howca/er , it has concl uded that improvements in cost control and 
reliability can be expected if management gives increased attention to 
work procedure improvement methods and adepts a strategic planning 
approach to budgeting, maintenance schedule setting, and vehicle 
replacement decisions. 

Becaise the adoption and diffusion cf innarations is a slew 
process, and because transit management has a strong day-to-day 
orientation in the maintenance area, it is important that UWTA encourage 
tlie further development and testing of new techniques in both the work 
methods and strategic planning areas. But becaise new methods must be 
tailored to the practical needs of management, it is imperative that 
these et forts involve transit management as direct clients for nev 
products . 

i. In the work methods area, we recommend that evaluations of 
existing work methods analyses and job performance aids be 
conducted and disseminated to the industry. 

Special emphasis should be given to evaluating the trans- 
ferability of results and the development of guidelines for 
using task instructions and standard performance times. This 
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could be done through an independent contract or as an el orient 
of the National Cooperative Transit Research Program, in 
order to insure responsiveness to industry needs and concerns, 
the transferability canponent should be assessed in the 
context of trial applications of specific procedures in the 
operation of several interested properties. A central 
clearinghouse should be established to provide for sharing of 
improved job procedure descriptions and time standards. 

In order to improve organizational planning, we recommend 
that transit operations enhance their maintenance management 
by adopting strategic planning tools. 

These should include procedures for comparing the 
performance of subfleets, garages, and canponent suppliers, 
for projecting workload and maintenance cost levels with a one 
to two year planning horizon, and for analyzing the impacts of 
changes in preventive maintenejnce policies. An important 
element in de 'doping a strategic planning approach is the 
identif icatio. of linkages between maintenance, the budgeting 
canponent of the transit operations, and other relevant actors 
including regional transit authorities, metropolitan planning 
organizations, and state departments of transportation. The 
inputs frcm maintenance to the budgeting cycle should be made 
clear, along with qualitative assesanents of how agency budget 
shortfalls are reflect ei in the maintenance budget. Mainten- 
ance management should then review relevant techniques. At a 
minimum, the development of a strategic planning capability in 
maintenance will require the establishment of a data base 
organized at the vehicle level and adoption of a simple cost 
projection methodology. The data base should permit analysis 
of canponent life statistics and cost experience. The cost 
analysis procedure (see Sections IV. C and IV. D) would 
facilitate budget projections and maintenance policy testing. 

We further recommend that transit operators maintain and share 
data on maintenance histories, cos :s and component life expectancy. 

Such data are needed because a strategic planning approach 
must be based on an analysis of component and vehicle 
reliability histories. It is especially critical that cost 
data be maintained so that they corresponds to the vehicle 
maintenance record. Seme central repository for this data 
would be desirable, along with agreement on reporting formats. 
The examples of the trucking industry are illustrative of this 
approach. The centralized collection of these data would be 
especially helpful to smaller systems which lack the ocpertise 
needed to develop in-house planning capabilities and vfao&e 
fleets are too small to generate timely and statistically 
meaningful reliability statistics. 



D. Or ganization of the Report 



The r attainder of the report provides background for these reccmmen- 
dations and an overview of current and emerging methods. It is 
organized as follows: Section II discusses the importance of maintenance 
management, current variations in industry cost and reliability 
statistics, and the need for systematic management procedures. 
Section III documents current record-keeping and management reporting 
methods. Section Tt identifies and evaluates new techniques for 
improving mechanic and management performance. Section V summarizes the 
more premising of the new methods, identifies their data requirements 
and relates their functions to an overall planning framework. 

The report references a number cf research products generated over 
the past three years. These include the Year I and II final reports 
entitled, "Implementing Cost-Effect ive Service Interval Planning Methods 
for Bus Transit Vehicles: A Case Study" and "Development of Transit Bus 
Component Failure Statistics from Conventional Bus Card Records" as well 
as masters' theses and conference papers. Copies of =*11 these 
documents are available fron the University of Illinois Urban Transpor- 
tation Center. (See Appendix A.) A number of vehicle replacement 
models are inventoried in Appendix C. 
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II. BACKGROUND 

A. Importance of Maintenance 

Historically, maintenance has not been a very visible part of 
transit operations. There are several reasons for this. The first is 
that transit vehicles designed before the new generation of advanced 
design buses were relatively simple to maintain. In addition, the 
availability of federal qperating subsidies, the 80$-20% formula for 
funding capital acquisition, and a distinctive "hardware" orientation 
have all contributed to a lack of public awareness of the importance of 
this ^unction. As long as budgets were flexible, maintenance management 
could keep vehicles in good condition, and little was heard about this 
aspect of transit. Indeed, the major questions for debate were those 
associated with systen expansion and equipment procurement. 

This situation is now changing: new federal funding priorities and 
proposed changes in grant prograns, as well as lowered local fiscal 
capabilities, are increasing pressures on local transit (Meyer and 
Kemiiy, 1982 ) * Operators are being asked to make do with lcwer budgets 
or less generous budget increases than in the past. In seme cases, this 
has led to cuts in service, and in others it has resulted in attrition 
in several personnel areas — including maintenance. 

The importance of preserving a vigorous maintenance function has 
been underscored by the conduct of two major conferences on the tcpic in 
the last year. The multifaceted nature of maintenance was emphasized at 
a workshop sponsored by UMTA and TRB in April of 1982. The findings of 
the Bus Maintenance Improvement Workshcp indicated that advances in 
maintenance effectiveness would require action in a number of areas, 
including relations with general managers and boards of directors, 
improvement in data bases and man ag orient information systems, closer 
attention to human relations and personnel issues, and facility and 
vehicle design innovations (TRB, 1983). The importance of maintenance 
to the overall mission of transit was made clear in discussion at the 
August 1982 Transit Service Reliability Workshops. That workshop 
recognized that prqper vehicle maintenance is a fundamental precondition 
for effective service provision, and is equally as important as route 
design and driv select- ion and training (Abkcwitz, 1983). Clearly, 
proper maintenance is essential if missed runs, late pullcuts, and 
roadcalls — leading to the deterioration of headway reliability and 
ultimately to reductions in cidership — are to be avoided. 

In recognition of the importance of maintenance, transit operators 
xr o d evel cp i ny nov sys t ens for t r acki ng mai ntenanc e perf ormanc e and 
researchers are being encouraged to develop new methods using techniques 
f rcn industrial engineering, systems analysis, psychology, and educa- 
tional testing and training to address maintenance concerns. All of 
t:i«2se efforts are aimed at the objective of increasing transit service 
reliability in an environment of increasingly tight budget constraints. 
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Transit bus maintenance costs constitute approximately 20% of total 
operating costs. They totaled 310.7 million dollars in 1981. As Exhibit 
II. 1 shows, maintenance expenditures are positively associated with 
system size, as is the frequency of roadcall events. These expenses can 
be broken down into three major categories: direct wages, benefits, and 
materials. Direct wages constitutes 50% of maintenance expenditures 
industry wide. This cost iten varies fron 36.5% for the smaller systems 
(under 25 vehicles) to 50.1% for systems with over 1000 vehicles. 
Fringe benefits average 20% of total maintenance costs industry wide, 
(wibi a range of 9.3% to 22.9%) and are strongly correlated with system 
size. Material costs vary from 24% to 30% of total costs (Jacobs, 
1982). 

The effectiveness of these expenditures seens to vary greatly. This 
is apparent fron the declining relationship between miles of service per 
maintenance dollar and syston size shown in Exhibit II. 1, as well as 
fron the lower number of miles between roadcalls experienced by larger 
systems. Part of the observed pattern is certainly diie to the more 
intense service profile vehicles are subject, to in large urban areas and 
to higher wage scales. But other factors; also are reflected in the 
data, including fleet age, peak to base requirements and overall 
management efficiency. Regression and correlation models based on 1980 
Section 15 data illustrate the complexity of these factors. The first 
model, based on 62 observations having complete data in the 1981 report, 
relates the frequency of chargeable roadcalls to maintenance labor 
effort, peak period utilization, average vehicle mileage, and federe 
operating subsidy levels. The results show a positive relations!^ 
between peak-heavy service and the frequency of maintenance relate 
roadcalls. Systems with base-heavy service and relatively high operating 
support tend to have lower frequencies of roadcalls. The statistical 
relationships shown in Exhibit II. 2 are significant, but it should be 
noted that the model explains only 20% of the variation in the data. 
Further correlation and regression analysis was not successful in 
improving the predictive validity of the model. It is especially 
interesting that age, spare ratios, and reserve fleet size did not show 
significant relationships with roadcall experience. 

Maintenance labor commitment shows few systematic relationship}? 
across properties. This is evident from the correlations shown in 
Exhibit II. 3. There are only two significant predictors of maintenance 
effort — operating subsidy levels and fleet utilization. The results 
3trongly indicate that more intensively used vehicles receive less 
maintenance attention and that faieral operating subsidies seem to 
increase the ability of properties to support maintenance staffs. 

The lack of fleer size and age effects reflected Exhibit II. 3 was 
also evident in several (unshown) regression analyses. None of these 
analyses were able to identify strong relationships between the 
variables listed in Exhibit II. 3 and labor effort, except for vehicle 
use and operating support. This was explained by one mechanic as the 
res"'t of strong pressures on mechanics and supervisors "to keep busy or 
at least lock busy." 
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EXHIBIT II. 1 



MAILABLE 



MAINTENANCE EFFICIENCY AND MILES IETWEEN 
ROAD CALLS IV SYSTEM SIZE 



road calls 
vehicle miles 




r- 30CO 



-2000 



-I 000 



25 25- 50- 100- 250- 
49 99 249 499 

Number of vehiclte 



500- > I 000 
999 



(Source Jacobs. 1912 ftp 1 » Ihiougti 1 31 Mtf 1 C2| 
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Exhibit II. 2 
REGRESSION ANALYSIS OF ROADCALL FREQUENCY 



Dependent Variable 



Mechanical Failures per Vehicle Mile 

Independent Variable 
constant 

labor hours per vehicle mile 
annual per peak mileage per vehicle 
annual total system mileage per vehicle 
$ Section 5 per bus mile 



R* = .19 
F (4,57) 
P .01 



C oefficient 
.00012 
+.0046 
+.922 x 
-.666x10 
-.038x10' 



-10 



= .3.42 



Significance Level 

.21 
.009 
.07 
.06 



Exhibit II. 3 



CORRELATIONS BETWEEN MAINTENANCE LABOR 
HOURS PER VEHICLE AND SYSTEM VARIABLES 



Variable 


r 


Significance 


Variable 


r 


Significance 


fleet size 


-.04 


.74 


peak miles/bus 


-.20 


.11 


fleet age 


-.13 


.29 


spare ratio 


.15 


.21 


$ Section 5 


.23 


.06 


peak to base ratio 


-.02 


.85 


per bus 












Annual miles/ 


-.45 


.002 


roadcalls/mile 


.12 


.32 


bus 
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Taken together, these results indicate that maintenance manag orient 
should improve the efficiency of its operation in anticipation of low sr 
operating support levels, that it should teke steps to increase the 
effectiveness of labor, and that these steps are most necessary in 
larger and more intensively utilized systens* The need for greater 
internal efficiency is supported by the significant relationship between 
subsidy levels and both labor caranitmertt and roadcall frequency* More 
efficient use of existing resources will be needed to keep maintenance 
performance high in the face of budget pressures. The need to ocpiore 
ways to improve the effectiveness of labor is highlighted by the 
regression results showing that labor effort is not significantly 
related to roadcall reduction* Although it can be argued that chargable 
roadcalls are but one indication of maintenance perfomance, this result 
reinforces informal discussions whidi pointed out the difficulty of 
maintaining the accountability of labor* The final generalization 
— that attention should especially be directed to larger systens — is 
based on the lower * level of labor canmitment and higher incidence of 
chargeable roadcalls in systens with large and intensively used 
vehicles. 

C* Opportunities for Improving Maintenance 

Maintenance managers have developed a number of tools for control- 
ling their operations. These include work order systans, driver defect 
reports, periodic cost analyses, and preventive maintenance programs* 
These tools are generally quite useful cor managing daily operations* 
Ho/ever effective maintenance requires attention to a number of other 
ccrcerrs. These include 2ine detail itens such as how to best perform a 
specific maintenance task, as well as more global questions involved in 
setting preventive maintenance schedules and projecting future budget 
needs* A fuller understanding of these issues can be developed by 
comparing the organizational structure of the typical transit property 
with the distribution of functional responsibility* This canparison 
shows that the relationship between maintenance and the other aspects of 
a transit operation is much more canplex than the organizational cfcart 
indicates* The contrast between organizational structure (Exhibit 11*4) 
and departmental interdependence (Exhibit 11.5) provides the maintenance 
manager with an ectrenely challenging professional environment. He is 
accountable for meeting daily scheiule requirements, for minimizing 
pre/ ent able roaicalls, and for directing a diverse arret/ of mechanics, 
servicers, for en en, and clerks* The maintenance manner's jdb is 
especially difficult becaise his equipment is utilized by drivers 
accountable to other managers. 

Trans it managers ha/e long been aware of the importance of 
maintenance, and they have de/elcped a number of tools for improving its 
effectiveness. These methods include pre- run inspections, roadcall 
reporting, work order processing, and preventive maintenance scheduling 
systens* Some properties have implemented these tools using sophisti- 
cated computerized man ag orient information systens, while others are 
using manual record-keeping procedures* Regardless of the degree of 
automation, these types of records and reports are essential for an 
effective maintenance prograr.. '^hile the head of maintenance is held 
accountable for vehicle fueling, repair, and pre/entive maintenance, his 
oerfoomance is strongly influenced by a nunber of factors vfoich are not 
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Exhibit II. 4 
TYPICAL ORGANIZATIONAL STRUCTURE 
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Exhibit II. 5 

INTERDEPENDENCE OF MAINTENANCE AND 
OTHER TRANSIT SYSTEM DEPARTMENTS 
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directly under his control . These include the general structure of the 
organization., the type and age of equipment operated, the labor 
agreement, the schedule of service, driver training and performance, 
screet conditions and stop spacing, inventory levels, and funding 
levels. The complexity of this environment makes the maintenance 
manager's job quite difficult. His decision-making powers include 
allocation of mechanics to tasks, scheduling of routine preventive 
maintenance, and determining appropriate repair actions. Meanwhile, 
external Influences are constantly affecting vehicle condition. The 
range of responsibilities and the environment in which the maintenance 
manager operates place him in a position of reacting to problems as they 
occur by using existing resources. This reactive position is reinforced 
by the use of general indicators, such as roadcall counts, missed runs, 
and maintenance-related accidents, to measure maintenance preformance. 
That current practices do not meet existing reeds is clear frcm the 
variations in performance discussed above in Section B. 

Organizational factors have a major influence on maintenance 
performance. A significant number of factors affecting vehicle 
reliability can not be manipulated directly by maintenance department 
personnel. For example, scheduling and route planning affect the amount 
of stress imposed on engine, transmission and brake systems, and the 
intensity of vehicle use places constraints on the availability of 
vehicles for maintenance. Collective bargaining agreements limit the 
availability of manpower for third-shift maintenance, and budgets 
influence both spare ratios «id irventory levels. 

The sources of maintenance problems can be differentiated by their 
proximity to the maintenance department. This is shown in Exhibit II. 6. 
Internal problems are under the direct control of maintenance manage- 
ment. These include preventive maintenance policies, management 
information systems, supervision, and workload levels. It is signi- 
ficant that budget levels for maintenance are becoming recognized as 
something that can be influenced by maintenance managers — if they take 
an aggressive role and develop strong quantitative cases for staff and 
material needs. Other factors, such as labor agreements, fleet age, 
routes and schedules, and vehicle procurement are less controllable by 
the maintenance manager. 

This report focuses on the internal decision-making associated with 
developing a maintenance data base, setting maintenance policies, 
forecasting workloads, and making budget presentations to general 
management. Maintenance supervisors need these tools to put their own 
operations in order and to develop strategies for securing needed 
resources frcm management. An important finding of the research is that 
most innovations in maintenance management have occurred at the level of 
day-to-day operations. This is understandable in view of pressures to 
meet peak period demand and keep up the appearance of the transit fleet. 
The research project has not found this high degree of responsiveness in 
other areas of maintenance management. Specifically, little attention 
has been <jiven to development of work methods to improve the accuracy 
and quality of mechanics' performance and almost no activity hjs been 
directed at strategic or long-range planning. We will now survey 
current methods which are applicable to control of day-to-day operations 
and then turn to methods which can be applied to meet organizational 
needs in the work methods and strategic planning areas. 
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Exhibit II, 6 



SOURCES OP MAINTENANCE PROBLEMS 

CLASSIFIED BY LOCATION 
WITHIN THE TRANSIT ORGANIZATION 



Internal Prcblens 
Controllable by Maintenance 
Manager 



Maintenance Policies 

Maintenance Data base 

Supervision 

Engineering 

Budget 

Workloaa 



Problems Not Under 
Central of Maintenance 



Labor Contract 
Organization Structure 
Fleet Age 
Quality of Labor 
Service Profile 
Fixed Facilities 
Funding Levels 
Inventory 
Vehicle Quality 
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ITI. CURRENT fETHODS 



All transit systens use sane maintenance management tools although 
systens differ considerably in their degree of scphistocation. This 
section will dancunent seme af the more common of these tools. Part A 
will describe the tools used' in the day-to-dcy operation of the 
maintenance department. The majority cf these tools are simply a 
procedure for recording the raw data of daily maintenance. Part B will 
describe the nect level of tools vhich are used for monitoring main- 
tenance and for planning. 



A. Data Capture 

*. The first level of management tools includes: 
operator defect reports 
- fuel and oil consumption reports 
work order systens 
jcb cost reports 

periodic inspection and maintenance schedules 
vehicle maintenance records 



These reports and control systens are especially important because 
the/ contain the information needed to implement emerging forecasting 
and planning tools* Kach is described briefly below. 

1. Operator Defect Report s 

Defect reporting has two components: Pre-trip inspections and in- 
service trouble reports* The basic purpose of pre-trip inspection is to 
control the condition of vehicles put into service and to insure proper 
performance of maintenance. Operation of buses by drivers responsible 
to the transportation division and maintenance of those buses by 
mechanics responsible to a different supervisor can lead to erriless 
shifting of blame for vehicle condition. Most properties try to control 
this by having drivers conduct pre-trip inspections prior to vehicle 
pull-out. These pre-trip inspections cover safety itens such as lights, 
horns, air pressure and window wipers as well as general cleanliness and 
body condition. Mary qperators require mechanics as well as drivers to 
sign off on vehicles so that responsibility for prcblens discovered at 
seme later time can be clearly established. This procedu* J presides a 
clear record of the canpleteness and quality of daily maintenance and 
the degree of care exercised by drivers in operating the equipment. 

The second element of defect reporting is the reporting of prcblens 
encountered while the vehicle is in operation. This is important for 
the identification of prcfclons with brake, engine, transmission, heat, 
and air conditioning systens which are experienced only while the 
vehicle is in use. Trip or inservice reports also allow the driver to 
al ert the mech anic about noises and other early signs of developing 
problens. This c cmponent of the defect reporting systen is essential to 
the strategy of conducting maintenance by continuous monitorir^ of 
vehicle condition* 




exhibit III. 1 prcvides an ocanple of a typical pre-trip inspection 
and trip report. Mote that copies of the report are distributed to 
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EXHIBIT III.l 



49206 

OPERATORS TROUBLE REPORT 

But Numb* Date 

PAETAIP INSPECTION 
(Driver to (x) tteh Item as Inspected) 
Drivers art to rtmark on unsatisfactory llama. 

□ tfrts/luQ nut □ horn 

□ lights/reflectors □ wipara 

□ glass □ air pressure 

□ other □ emergency pressure 

□ clean 

Drivers Remarks: ________ ^_____ 



TRIP REPORT 



Bus OK. 



Date. 



Drivers to (x) each item n 1 satisfactory and provide brief explanation. 



Brakes 

□ soft 

□ noisy 

□ grab 

□ air pressure 



Engine 

C no power 

□ stalls 

□ >vJbratlon 



Lights 

□ head lampa 

□ turn indicators 

□ Interior 

□ dash 

,C step well 

Steering 

□ hard 

□ shimmy 

□ free play 



Noise Location 

□ It. front 

□ rt. front 

□ ft. rear 

□ rt. rear 

□ engine 

□ transmisekm 

Body 

□ doors 

□ haat.t<g 

□ air condition 

□ giaas 



Miscellaneous 

□ buzzo' or light 

□ radio or PA 

□ emergency 
equipment 

□ body damage 

□ other (explain) 

□ defroster 
C wipers 

□ easts 

□ over heat 



Drivers Remarks (Print Only) 



Operators Name , Supervisors initial 

Distribution: white— maintenance; pink— transportation; yellow— driver 

WO Numb f 



BEST COPY AVAILABLE 
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transportation and maintenance personnel and that the driver retains a 
copy as well, ttiere is also space to record the number of the work 
order issued to renedy identifies defects, 

2. Maintenance Shcp Reports 

Several types of data are collects! through a variety of shcp 
reports. The fdl lowing paragraphs briefly describe sane of the most 
cannon. Exanples of the report forms are presented in Appendix 3. 

Consumables Report . This report records the amounts of coolant, fuel 
oil, transmission fluid, and engine oil added in daily servicing of 
vehilces. Daily records are generally kept on a vehicle-by-vehicle 
basis. Seme larger systems are currently ocperimenting with autanated 
methods for recording both vehicle numbers and amounts of fluid addei. 

Work Order Systems . Work order systens are a vital mechanic for 
building accountability into the maintenance function. Each maintenance 
action is initiated by a work order. The system generally involves a 
write-up of the jcb after ccmpleticn, showing what was done, the time 
for completion, and the identity of the responsible mechanic. Main- 
tenance supervisors generally dwelep means of monitoring the number of 
outstanding work orders and tracking those vhich have been pending for 
prolonged periods of time. 

Maintenance Cost Report . Cost reporting for work orders i nvol ves 
recording the material and labor used for specific tasks. This report 
will generally carry the work order number initiating the activity. 
Practices differ on how overhead is charged on labor activities, making 
inter-conpany comparisons difficult. 

Periodic Maintenance Schedules . All transit systems have seme systen 
for periodic inspection, lubrication, arri adjustment of vehicle systens. 
Schedule* for PM activities vary (Preston, 1980), but most are initially 
based on manufacturers 1 recanmendatiens, with modifications as indicatd 
"by experience. " 

Vehicle Maintenance Records . In addition to work order and jcb cost 
records, virtually all operators keep a summary record of major repairs. 
This is generally the "bus card" or "bus file" record which tracks the 
miles between overhaul or replacement of major components including 
starters, engines, transmissions, air compressors and brakes. A ccpy of 
one record format is shewn in Exhibit III. 2. This record is of critical 
importance for applying man/ maintenance planning Methods because it 
contains the data necessary to analyze performance trends at the vehicle 
sub-systen level. 

B. Manag e ment Reporting 

The items just iiscussed are part rtf the daily operatic.! of most 
properties. It is also common practice to prq^are summaries ot* periodic 
performance for use in monitoring by management. These types of rqx)rts 
ire discussed next. Appendix 3 contains examples of such reports. 
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Roadcall Report s. These reports give the frequency of inservice 
problems. They generally classify the cause of the problem by vehicle 
sub-system and usually are produced monthly. The format should aixow 
easy comparison of month-to-month variations, 

General P e rforman c e Summaries . Weekly performance monitoring is 
conducted by many properties. This involves reports by day of bad order 
buses, peak schedules met, roadcalls, operator defect, reports, inspec- 
tions performed, etc. These reports "roll up" daily data into summary 
formats. They can be used to establish performance targets and to 
monitor goal achievement. 

Vehicle Cost Report . Analysis of costs by vehicle complements the 
reporting of service performed and problems reported. Vehicle cost 
reports summarize oil and fuel consumption and maintenance costs. Data 
frcn these reports help to identify impending engine or transmission 
problems as well as high-ccst vehicles. The cost data is especially 
important for long-range planning. 

Automated Systems . A number of computerized systems have been developed 
for routine reporting and management. One of the earliest was the 
Service, Inventory and Maintenance System (SIMS) (MITRE, 1973). This 
systen provided for recording unit changes, initiating scheduled 
inspections, and preparing cost and consumables reports. >$t also had 
capabilities for displaying vehicle status and monitoring inventory 
activities, T^ie SIMS system was designed as a batch reporting system. 

More recently developed systems, which include the Chicago Transit 
Authority's Vehicle Maintenance Systems (VMS) and the Western Main- 
tenance Consortium's Maintenance and Inventory Systen, operate inter- 
actively. The VMS system was designed with capabilities for bus and work 
order status reporting, ?M scheduling, roadcall monitoring, and anployee 
time accounting. The Western Consortium's System has capabilities for 
PM scheduling, consumables reporting, inventory management, failure 
monitoring, work order process ing, and management reporting. 
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IV. NEW TECHNIQUES 



A nimber of methods not currerrt-.y in use were identified in the 
course of this research. These include methods for imp-roving main- 
tenance procedures, for analyzing component quality, for forecasting 
future manpower and inventory needs, for comparing maintenance policies 
and for evaluating and setting pr^entive maintenance schedules. These 
procedures complement current management tools, and support the 
expansion of manag orient's role into the areas of enplcyee perfonnance 
monitoring and strategic planning. 

A. Methods Analysis 

The aim of methods analysis redesign of work to improve the 
on-the- j cb performance of mechanics and to give management better 
control over costs and time allocation. While methods analysis is 
standard practice in many industries, it has receive! little attention 
in transit. However, in a case viiere it was applied to transit 
maintenance, costs were reduced by 30 to 50% (Miller and Lane, 1982; 
Haenisch and Miller, 1976) . There are three major components to methods 
analysis; job time estimation, anlaysis and improvement of procedures, 
ar*i cost estimation. These components as well as implementation and an 
example are discussed below. 

1. Estimation of Standard Job Times . 

Job time estimates are necessary for systematic work planning and 
cost control. Industrial engineering methods have been developed to 
generate reasonable, efficient job standards that, tfien produced 
uniformly, result in good estimates of standard performance times. The 
stqps necessary for estimating these times include: documentation of 
ecistinj operations; recording of actual times; reduction of unnecessary 
transports, delays and out of stock conditions; evaluation of workplace 
design; improvement in procedures; specification of tods; specification 
of the number of mechanics, carpenters, and electricians necessary for 
the job; and an overall assessment of expected performance time. 

The first step is to document the way in which the job is currently 
performed. To document existing procedures, on-site observations are 
taken of the particular job being studied. Tasks are broken down to 
small (six -minute) intervals and recorded on an observation sheet. At 
least three separate observations are recorded although longer or more 
canpiex tasks may require more observations. The observations are token 
at different maintenance locations, observing the work of several 
different workers. The initial ctoservation sequence pro/ides an 
estimate of average work time and quality of task performance. During 
the observation, actual time is recorded. Each observation is divided 
into actual performance time and avoidable and unavoidable delay times. 
The unavoidable and avoidable delays are then subtracted from total 
time, and the three raw standard times are averaged. No allowances for 
prcblon delays are incorporate! into the observed average times. If any 
one of tie three observed times is not within 33^ of the others, that 
observation is discarded and a new observation is made. 



2 « Analysis and improvement of procaiura 

The deternunation of the standard time can be made from the average 
T th *^5 ee cbseEVQd tim es. m neat cases, however, more than simple 
documentation is required. Most often, the procedure must be sequenced 
?T an ^S? ed to determine ^ e length of time that the procedure should 
Zu Jr t* 1 * 1 ^ 13 begins by combining tasks identified in the initial 
three observations into one systematic procedure. Each task is analyzed 
to determine its necessity to the overall procedure, and unneccessary 
ones arc eliminated. The analysis includes allocating work time to 
securing materials frcm storage areas, combining tasks to reduce back- 
tracking and deadheading and listing all equipment needed to eliminate 

5 epea L"^ ^ 0ther 3teps 31:6 to assure the highest quality 

finished job. Special tools may be designed to make the job easier. 
For example, component rebuilding may be divide into tasks for 
constructing subassemblies, so when replacement is performed, various 
additional components are already part of the larger subassembly. 

3. Synthesis into a Pr ocedu ral Bulletin 

Once work methods are optimized and times are estimated, the 
^P^fY 6 ? Procure is presented in the form of a bulletin, which is 
titled by job and begins with a brief statement of purpose. A repair 
worker in bus maintenance is able to perform the job completely and 
accurately by following the bulletin. When necessary, other bulletins 
are referenced to provide complete information on how to do the job.. 
The intent of the bulletin is not to provide training, but to serve as a 
guide to help the worker perform the specific task uniformly, and to 
produce the highest quality product in the safest way. The bulletin 
provides discrete steps that must be executed. Most importantly, these 
bulletins provide a path to folia/ in order to achieve the established 
standard time for that job. It should be noted that while all buses have 
the same basic parts, the parts may require different procedures for 
repair or replacement on different bus models. Accordingly, different 
oulletins are provided for differing bus models. 

During the initial documentation and following analysis a complete 
material list and a special tool list are developed. These enable the 
individual assigned to a task to obtain all the materials and tools 
needed to perform that task before the task is begun, eliminating 
repetitious returns to the storeroom or --.col crib during the job. The 
lists also eliminate half finished jobs and wasted manpower due to 
material shortages. In developing the procedural document, every effort 
13 made to reduce unnecessary trips and delays by sequencing th* 
procedure to minimize the amount of time it should take. However, as 
these factors vary in specific locations or garages, it may be necessary 
to establish separate standard job time constants for obtaining and 
returning tools and materials and for moving the vehicle frcm the 
storage location to the work location and back for these specific 
situations. 

Work sampling has shown that a 12*5% allowance is needed for 
personal needs. Another 12*j* is recommended for deviations fron ideal 
conditions. The allowance factor reflects the following variables: 
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1. Condition of the garage - sane are new with excellent lighting 
and modem lifts; others are old with service pits and 
lighting fran street car days; 



2. The availability of air, electricity, etc.; 

3. The size of the working location. 

The total of 25% in allowances is added to the observed average time and 
the performance constants are added to the standard job time ..n order to 
establish the estimated standard time for tasks performed in garages. 
Since the performance and allowance constants can account for a 
significant part of the total time, especially on short tasks, various 
types of repair or replacement work should be combined, especially when 
the same tools and materials are required for the combined tasks. These 
combined tasks are reflected in one bulletin. 

Tasks performed in overhaul shops may not require the same 
constants as tasks performed in the garages because the vehicle is 
brought to tho designated area by other personnel and because special 
equipment or subassemblies may be in use. Nevertheless, the shop 
bulletins are similar to the garage bulletins. Differences may occur if 
the mechanic does not retrieve the bus, material, or tools. However, 
the material and tool lists should be supplied so the mechanic can check 
these items before beginning the job. 

4. Implemenation of Methods Analysis 

Standard job times and improved work methods can be used for a more 
efficient daily programming of maintenance tasks and for determining 
manpower requirements for particular daily work loads. The standard 
times can be recorded on a computer system to provide summaries of job 
performance by individual and by particular job, allowing continuous 
monitoring of productivity by function. This cakes it possible to review 
each individual job or combination of jobs in relation to the overall 
garage system, providing management with the information they need for 
increasing efficiency and for providing overall better utilization of 
manpower. 

Pn example of this approach is Miller's (19) study of 150 functions 
at ten CTA bus garages. Before implementation of Miller's standards, a 
thorough review of each bulletin was conducted in a round-table 
discussion with maintenance management foremen and resident instructors 
at a working location. Methods personnel also demonstrated the use of 
the special tools listed in the bulletins. The purpose of the discus- 
sion was to increase understanding, assure acceptance, and permit 
refir;anent by all parties. The bulletins themselves were displayed in 
garage locations where the type of work described in the bulletin was 
oerfomed. The bulletins were placed within a few feet of and com- 
pletely accessible to the employe^ performing the task. Copies of the 
bulletins were also distributed during employee training and kept by the 
anplcyees. 
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BEST COPY AMIlASif 



Each bulletin was coded with a (distinct jcb number. At the CTA 
this jcb number is keyed into a computerized data system when an 
employee begins the jcb. The employee "jobs off 11 when the jcb is 
completed and the time is automatic ally computed and stored. Analyses of 
worker, jcb, location and system performance can be generated frcm the 
collected data to provide better utilization of manpower and jcb 
efficiency. 

On average, it tcck appracimately 100 person hours to produce each 
bulletin, although the time varied with jcb duration and complexity 

5. An Example of Methods Analysis 

One of the more extensive procedures in the CTA case involved the 
reioval of the Detroit Diesel power plant. Whereas this operation was 
pr vicusly performed on a piecemeal basis, the task is new accomplished 
by pulling the unit out as an assembly and then partially disassembling 
the converter and blower. Use of an engine dolly facilitates this 
method. The revised procedure led to savings of 40%, which amounts to 
approximately $250 per plant removal in 1982 dollars. 

The procedure requires an electrician, a carpenter, and two 
mechanics. Becaase of the detail of the bulletin (see Exhibit IV . 1 ) , 
the foreman knows exactly when to call each trade and how long each 
employee will be needed on this particular job. The extensive detail of 
the procedure may seen excessive to the observer at first, but such 
detail is necessary to ensure accurate, uniform, and reproducible 
results. 

A major achievement of the new procedure was the improved schedul- 
ing cf employees and reduction in delays from one or more not being 
available. Reduction in waiting time also promoted better worker 
relations. The initial evaluation of the CTA study showed signif- 
icant productivity gains averaging in eccess of 30% due to improvements 
in work methods ard as well as reductions in time required for the jcb. 
For many functions, the gain was in eccess of 50%. 

6. Analysis of Standard Cost 

Once standard methods are established , the estimated times for the 
j cbs can be used to develop standard costs* 

Since the standard time is known and a standard labor oOGt can be 
determined, only the material cost is needed to determine the total cost 
of rdauilding a component. Two alternatives to rebuilding coupon en ts in 
house should be considered: purchasing a new component from the 
mar.uf acturer and subcontracting for a rebuilt component. The decision 
to rqplace or rebuild depends on several factors: the availability of 
trained staff in house; the cost of rdsuilding versus replacing based on 
-standard time arri cost estimates; the availability of the new item and 
the lead time to obtain it, the ability to and wisdom of stocking 
m-house rebuilt components versus the ability to and wisdom of stocking 
now components; the quality and consistency cf r<±>uilt components versus 
-J;e consistency of replacements. 

«-. X. 
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EXHIBIT IV. 1 
EXAMPLE OF PROCEDURE BULLETIN 



3.0 = 0.5 h (M) 
0.8=0.1 h (C) 

Power Plant Removal 8V-71 Detroit Diesel Eng. 0.3 = 0.1 h (E) 



JOB DESCRIPTION 

Bus No. 6-9, 21-25. 1000-1524. 7400-7944 

VEHICLE SERIES ~~~ 

MATERIAL DESCRIPTION LOT NO. 
Engine Dolly 

Oil and coolant drain drums 



STANDARD TIME JOB NUMBER 
Hois: 

SUGGESTED LOCATION 
QUANTITY 



SPECIAL TOOLS TOOL/LOT NO. QUANTITY 



NOTE: SAFETY IS PART OF THE JOB " 

Exercise all CTA established safety rules relating to the u^e of tools, materials, equipment, and personal 
safety in the performance of these procedures. 



PROCEDURE: J 

Sot*: Four men are required for -his job. two mechanics, one carpenter, and one electucian. The job tasks are grouped 
by workman type, and are generally sequential within the groupings. The mechanics should begin working 
immediately upon those tasks which require no previous work by the electrician and carpenter. The electrician 
and carpenter should work -around" the mechanics, attempting to finish their tasks as scon as possible. 

1 . Go to Data Entry Unit and job-on. 
Obtain bus and position in work area. 

3. Obuin necessary tools and materials. 

Elecmcian: 

I Disconnect battery c. bles. 

2. Disconnect engine wiring pin connectors (2) at junction panel. 

3. Disconnect wire at bottom of junction panel. 

4. Disconnect A C wiring from alternator (5 wires). 

5 Disconnect two wires from starter motor, working from inside of coach. 

6 Clean up work area— replace tools. 
Go to Data Entry Unit and job-off. 

8. Report to Foreman for next assignment. 



continued on next page 
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EXHIBIT IV. 1 continued 



Carpenter: 

1 . Secure engine compartment door: 

a. Raise engine compartment door 

b. Attach support pin in compartment support brace. 

c. Run a 40*foot length of rope approximately 1/2 inch in diameter under compartment door and through Uu 
door s mounting hinges. 

d. Push rear hinged windows out at bottom, 
c. Run rope ends through rear windows. 

f. Tie one end securely to passenger hand rail in bus. 

g. Have mechanic pull support pin out of compartment support brace and push compartment door open to 
maximum extension. 

h. Pull rope taut and tic loose end securely to passenger hand rail. 

2. Remove engine access panels from inside coach. 

a. Lift rear seat. Use prop to support seat. 

b. Remove top panel. 

c. Remove insulation. 

d. Remove bottom panel. 

3. Remove back bumper by removing bumper mounting bracket-to-engine cradle mounting bolts (10). 

4. Remove radiator closure door bottom mounting bolts. 

5. Raise the nght side engine compartment closure door and affix closure door support prop. 

6. Remove right side bumper extension by removing mounting bolts at bulkhead mounting bracket and extension 
back mounting bracket. 

7. Remove brace member between right end of engine cradle and mounting bracket at lower edge of bulkhead. 

8. Return all materials to their pron^ place. 

9. Go to Data Entry Unit and job 

10. Report to Foreman for next .assignment. 

Mechanics (2): 

1 Close shut-off valve in heater line. 

2. Open access Hap for coolant filler. 

3. Press and hold vent cock on surge tank to relieve pressure in cooling system. 

4. Open filler cap to vent cooling system while draining. 

5. Raise radiator closure door and affix support brace. 
6 Raise coach. 

7. Exhaust air system by opening drain valve on right rear air tank. When system is exhausted, close valve. 

8. Position drain coolant drum under lower radiator hose connector drain plug. 

9. Remove lower radiator hose connector drain plug. Allow to drain and replace plug. 

10. Position drain coolant drum under heat exchanger coolant exhaust line. 

1 1 Loosen hose clamps on rubber connector for heat exchanger coolant exhaust line. 

1 2. Brrak connector seal and slide back toward heat exchanger. Allow coolant to drain. 

1 3. After exchanger is drained, slide connector forward and tighten hose c»amps. 

14. Remove drain coolant drum from work area. 

15. Position drain oil drum under engine oil pan drain plug. 

16 Remove engine oil pan drain plug* Allow to drain and replace drain plug. 

P Position drain oil drum under transmission oil pan drain plug. 

18 Remove transmission oil pan drain plug. Allow to drain and replace plug. 

N. Disconnect air bnes to transmission shift slave cylinder. 

20. Remove shift cylinder clevis pin at transmission shift lever. 

1\ Loosen propeller shaft retaining collar and slide forvard on propeller shaft. 

ZZ. Disconnect transmission ground strap. 

Z}. Remove A C dust shield. 

24 Remove A. C propeller shaft flange mounting bolts at fan drive. 

25 Pull propeller shaft off end of \ C splined shaft and remove from vehicle. 

26 Remove engine cradle to bulkhead mounting bracket bolt nuts, flat washers. I 4-inch aluminum circular plates 
and rubber buslungs. Do noi remove boas. 



continued on next page 
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EXHIBIT IV. 1 continued 



27. Loosen exhaust pipe to muffler ckmps (2) and slide towards muffler. 

28. Disconnect engine oil by*pass filler input and output lines at filter. 
"9. Disconnect heat exchanger input and output oil lines at exchanger. 

0. Disconnect air compressor discharge line by removing bolts at discharge line flange. 
3 1 Disconnect air compressor intake hose at compressor. 

32. Disconnect air compressor governor reservoir port line at compressor. 

33. Disconnect compressor governor unloader port line at compressor. 

34. Disconnect fuel lines at fuel fi! ts. 

35. Disconnect power steenug fluid line at compressor. Allow to drain using a can to catch drainage. 

36. Cap power steering fluid line receiver at compressor. 

37. Disconnect oil manifold line at fitting on generator. 

38. Disconnect air line at engine stop solenoid valve. 

39. Disconnect air line at fast idle solenoid valve. 

40. Remove throttle clevis pin. 

41. Remove throttle cable mounting clip on engine compartment door side of engine. 

42. Remove engine coolant temperature sending unit. 

43. Remove throttle cable mounting clip on bulkhead side of engine. 

44. Pull throttle cable toward bulkhead to clear engine. 

45. Disconnect speedometer cable from speedometer drive unit on transmission. 

46. Loosen exhaust pipe clamp at engine exhaust pipe support bracket. 

47. Loosen bottom exhaust pipe clamp it cradle hanger exhaust pipe support bracket. 

48. Remove middle exhaust pipe. 

49. Loosen top exhaust pipe clamp at cradle hanger exhaust pipe support bracket. 

50. Remove exhaust pipe bracket mounting bolts at cradle hanger. 

5 1 . Remove exhaust pipe bracket. 

52. Loosen hose clamp on surge tank overflow line. Disconnect line. 

53. Disconnect surge tank vent line at engine. 

54. Disconnect surge tank deaeration line at engine. 

55. Loosen hose clamp on heater supply line and disconnect line. 

56. Loosen hose clamp on heater return line and disconnect line. 

57. Loosen hose clamp on engine coolant supply line at surge tank and disconnect line. 

58. Loosen clamps on air-intake silencer at both silencer-to-blowcr intake cover rubber connector and silencer-to-air- 
mtake filter rubber connector. 

59. Loosen bolts on air intake silencer barrel mounting straps. 

60. Rotate air intake silencer tow&rds bulkhead. 

6 1 Remove bolts from radiator assembly lower support member. Support bracket. 

62. Remove bolt and rubber spacers at radiator upper support. 

63. Position engine dolly under engine cradle raising or lowering coach to provide 2-3 inch clearance between engine 
cradle and dolly. 

f>4 Lower coach until engine cradle is approximately 1 inch from dolly. 

65. Connect air line to engine dolly. 

66. Inflate engine dolly, checking for dolly-to-cradle contact alignment. 

67 Lift engine cradle to relieve stress on cradle hangers. 

68 Loosen cradle hanger to coach support bracket bottom mounting bolt nut. 

*>9. Remove cradle hanger to coach support bracket top mounting bolt nut and bolt, adjusting engine dolly lift if 
needed. 

"0. Pivot cradle hingcrr, toward the sides of the engine compartment. 
"1 Raise engine cradle u> free cradle to bulkhead support brackets. 
"2. Remove engine cradle-to-bulkhead mounting support bracket bolts (2). 
"3 Remove air line from engine dolly. 

Move power plant awav from engine compartment slowly, checking to see that ail lines, wmng and controls are 

disconnected. 
"5 F.xhaust air from engine dollv air bags. 
m * c lean *ork area — replace tools. 

Take bus to storage area. 
^ tin \o Data Entrv Unit and joh-otf 
~Q Report to Foreman tor next assignment. 
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If all other things are equal, including quality, consistency and 
availability, the component replacement and rebuilding decisions can be 
made using the lowest cost criterion* The costs would be assessed as: 



In house rebuild: 



Standard Tine X Labor Cost Per Hour + 
Material Cost + Overhead 



Subcontract rebuild: 



Quotation fran rebuilder 



New purchase: 



Quotation fran manufacturer 



B. Failure Analysis 

Failure analysis involves three different activities: estimation 
of component life, diagnosis of variations in performance, and fault 
mode analysis. Hie development of component survival curves is a 
logical extension of the vehicle history recordkeeping procedure 
discussed in Section III. This procedure is useful for determining the 
life expectancy of components, and it also provides the -data necessary 
to identify variations in performance, predict future repair require- 
ments, and assess the desirability of fixed interval replacements vs. 
failure or inspection based maintenance. Failt mode analysis is used to 
develop corrective actions to extend the useful life of canponents. 

1. Development of Canponent Life Distributions 

u. Purpose 

The distribution af unit failures by miles run is useful infor- 
mation for maintenance management. It is superior to reports of average 
life expectancy because it provides an indication of the contribution of 
manufacturing error, rand cm failure, and ageing to component failure. 
One of the products of recent maintenance research at the University of 
Illinois (Kosinski et al., 1982) is an operational method for determin- 
ing failure rate statistics frcm standard recordkeeping mechanisms used 
by transit operators, i.e., the bus history card. This procedure is 
applicable to canputer-based repair order and vehicle tracking systens 
as well. It is flexible enough to be applied in situations utiere 
components ha/e variable installation and rq^lacenent dates, and does 
not require that all components be run to failure. 

The procedure has five stqps: 1) determining the number of miles 
each observed canponent accumulated before failure or replac orient, or 
before the point of data collection, 2) grouping the data into intervals 
of thousands of miles, 3) counting the number of components which aged 
but did not fail in each interval , 4 ) calculating conditional failure 
probabilities for each interval, and 5) calculating cumulative failure 
probabilities fran die conditional failure statistics. 

Such information can be used to determine the proportion of bus 
canponents vghich will fail in normal use for a given inspection or 
replacement schedule and also to set target inspection <snd replacement 
."nileages on the basis of management policies regarding systen reli- 
ability (see Exhibit IV. 2) 
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EXHIBIT IV. 2 

CUMULATIVE FAILURE 
PLOT 




Mileage x I 0 
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b. Exanple 



Hie practicability of the procedure is danonstrated in a resent 
study of AC Transit maintenance data (Kosinski et al. , 1982) • The basic 
iton cf interest in this study was the failure rate of each of 17 
components (e.g., engines, differentials, clutches) and the functional 
relationship between the probability of failure for any given unit and 
the nunber of miles operated. The focus of the analyis of the data is 
the mileage that each unit obtained before it was replaced because 
failure seened likely or because the unit actually failed. (The 
terminology here of "failure" is used interchangeably with "replaced in 
anticipation cf failure", the assumption being that if the unit did not 
fail, the point of replacement was that point just before the unit would 
fail.) 

Mileage between failure for each component is computed in the 
following manner: for each type of unit in each bus the incidents of 
failure were sorted in chronological order and the mileages for the 
first instance of failure were subtracted fran the second, and the 
second fran the third, and so on in order to determine the mileage 
between replacements. This convention was reasonable since AC Transit 
routinely inspects units both at set mileages and upon the basis of 
operator reports and then closely monitors their performance. Any 
replacenent is likely to indicate that the unit had reached or was about 
to reach the end of its useful life. The frequency of the failures in 
given intervals ediibit the characteristic properties of classic failure 
curves; that is, there were initial periods of high failure due to 
manufacturing defects followed by periods of lower failure rates due to 
randan causes. 

Deteunining probabilities of failure requires the use of special 
procedures for handling "censored" observations (i.e., cases where the 
unit was removed before failure) . This is necessary because most 
transit operations do not follow block or mileage based replacenent 
policies; rather, canponents are replaced at failure and at ?jt/ one time 
there will be a large variation in the service age of any type of 
component. The procedure involves the identification of the number of 
failing and surviving units and the mileage reached to estimate the 
nunber of miles to vihich the unit had survive! at the date of date 
collection. Using frequencies of unit failure and unit survival, 
conditional failure probability distributions are calculated. The 
cumulative failure probability distribution function for each unit are 
determined from the conditional distribution function. 

As the data collection proceeded, it became apparent that the 
quality ar*i consistency of the data obtained fran AC Transit was very 
good. However, there were seme indications of scheduling or record- 
keqnng prcblans, perhaps due to di spr cportionate workloads between 
jar ages and large variations in the mix of maintenance effort. There 
was also e/idence that the mileages specified by AC Transit for inspec- 
tion of some onits ma/ have been set too high because the data indicate 
that nearly 80% of seme units had already failed prior to the first 
inspection. 
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Impl orientation 



The quality of the data base affects the reliability and utility of 
conclusions drawn frcra this method. The data base should cover a 
timespan sufficiently large to ensure r^lacement of a significant 
nunber of the units under consideration and it should be built upon a 
reliable maintenance recordkeeping systen. The data base should also 
contain information taken from buses which are representative of the 
entire fleet, and it should include the cause of unit replacement, i.e., 
ether they were changed because of driver report, inspection, 
maintenance policy, or failure. 

2. Canparison of Variations in Life History Data 

a. Methods . 

The procedures described in the previous section can be easily 
applied due to a recent enh arc: orient to the SPSS (Statistical Package for 
the Social Sciences) software (Nie and Hull, 1981). The SPSS package, 
tftich is commonly available, new has a SURVIVOR procedure whidi plots 
hazard rates and survival probabilities. It also has options permitting 
camparis ions of groups of data, such as the performance of components 
f ran different suppliers or of different vehicle series. Like the 
technique described in the previous section, it is also applicable to 
"censors}" data, tfiich is typical of that found on bus card records. 

The SURVIVOR procedure is relatively flexible. It can use either 
raw data files or grouped data as input. Its output includes hazard 
rate, survival, and cumulative failure plots, and it can produce 
comparisons of up to eight groups of data. It also calculates an 
approximate statistical significance test vAiich can be used to compare 
s tuples and evaluate the importance of observed differences. The only 
limitation of the procedure is that it requires preprocessing of the 
data typically appearing en bus card records. This can be accomplished 
by using the methods developed by Xosinski et al (1982) and summarised 
in Section IV. 3.1. 

b. Exanple 

A good example of this technique is the analysis of AC Transit 
j opponent history data (Foerster, 1982a). This analysis is based on bus 
card records assonbled according to the procedures pre/iously outlined. 
The SPSS SURVIVOR procedure was used to ccmpare the life expectancies of 
17 bus components ever two time periods and across three different 
jar age locations. For each canparison, tabular and graphical data 
iioplays were produced. The graphical output, shown in Exhibit IV. 3, 
Lioplays the proportion of components surviving to stated nileages. The 
graphical symbols in the Exhibit identify the distributions for brakes 
installed before 1979 (symbol "l") arri after 1973 (symbol "2"). This 
particular groph shows a significant decline in brake life, a prcblen 
Mii'ti is new being addressed by the National Cooperative Transit 
"•Vvsoorch ?rogr<m. Plots of hazard rates, prcbability density functions, 
ir>] loyari tirnic scaling are all available .as options in the program 
"ho program also produces tabular output, shown in Exhibit IV. 4, that 
i no 1: ides iescriptive statistics and optional casts of the significance 
mter-group ' ,f treatment' 1 ) differences. 



exhibit iv. 3 

CQWmRISON of survival functions for rear brakes for two time periods 
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Exhibit IV. 4 

TABULAR OUTPUT FROM SPSS SURVIVOR PROCEDURE 
FOR COMPARISON OF BRAKE LIFE 



(a) Descriptive Statistics 
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(b) Test of time-related differences 
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BEST COPY AVAILABLE 



The tests run by Foerster detected a number cf garage- related 
differences in component service life. These include large differences 
in frcnt brake life (with median survival mileages of 57,000, 90,000 and 
61,000 miles for the three garages studied), and large inter-garage 
variations in rqplacenent mileages for brake diaphragms and relay 
valves. The detection of these differences can signal a need to inquire 
further into the reasons for divergent life expectancies. The front 
brake differences may be due to topography and load factor variations. 
The brake diaphragm and relay valve differences are probably due to 
failure to ebserve stated replacement policies for these components. 

The results also shew that seme changes o/er time occurred at only 
cne or two garages. For example, Exhibit IV. 5 shows clutch life 
expectations. The circles indicate survival rateL for pre-1978 
clutches. These show no difference in life expectancy by garage. There 
are differences among garages for the post-1978 data. It appears that 
garage number one is experiencing no differences in clutch life, but 
that clutches in garage number two are lasting longer while those in 
garage number three are wearing more quickly. Other differences of this 
type were also identified in generators and rear brakes. No major 
time-related differences in the frequency of failure and repair/ replace 
-ment of air canpressors, blowers, generators, starters, clutches, 
transmissions, front brake, brake relay valves and rear brake diaphragms 
were noted* No significant time or garage differences were seen for 
engine work, differentials, transmissions, starters and bl ewers. 

c. Evaluation 

The SPSS SURVIVOR procedure is an easy-to-use tool for locking at 
historical maintenance data. It can be used to identify trends in 
coupon ent life, to diagnose intern-garage variations in <- ?rf ounance, and 
to track the quality of rebuilt or rep lac orient components. 



A good data management system would greatly facilitate use of this 
program. Such a system should provide for recording of failure and 
replacement data on an ongoing basis (perhaps as the bus card is 
updated) and should include the reasons that components are replaced 
(failure, mileage limit, inspection). This is necessary in order to 
distinguish between component life and replacement policy effects. 



3. Fault Mode Analys is 

ct. Example cf Methods 

Fault mode analysis is appropriate for components which have a high 
failure rate. Kelly and Ho (n.d.) advocate the formalization of this 
practice to control high maintenance costs. This approach uses the the 
types of data described earlier to identify problem components, but it 
also involves conrruinication with supervisors and manufacturers to 
institute operating and manufacturing practices which result in early 
detecting of failure (See Exhibit IV ,6). 



A recent application of this procedure resulted from the obser- 
vation of fa; lures at lav mileages for new and reconditioned trans- 
missions. The .mean mileage-to-failure for new transmissions was 120,000 
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EXHIBIT IV. 5 



COMPARISON OF SURVIVAL FUNCTIONS FOR CLUTCHES: 
TWO TIME PERIODS AND THREE GARAGES 
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Legend; 0 = time period 1, all garages 

1,2,3 = time period ,2, garages 1,2, & 3 
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Exhibit IV, 6 
FAULT ANALYSIS ACTIVITIES 



Pi an t 



Corrective action 



Failure s other maintenance data 
(Work order card and 
word of mouth) 



First line supervisor 



1. Identify major and obvious 
recurring, failure and high 
maintenance cost areas. 

2. Where possible establish 
cause of problem and 
prescribe solution. 

3. Feedforward problem areas 
for investigation. 



History record 



I. Record failure data and 
cause down to Item level. 

Z Identify say top ten recurring 
failures and high cost 
maintenance areas (each 
month ond cumulative count ) 
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(lit level 
control) 



(2nd level 
control ) 



Spare part 
usage from 
stores system 



(Cause matoperatlon correction via 

production 
Cause poor design correction via 

design 

Cause poor maintenance correction 
via maintenance) 



Failure and maintenance 
cost Investigation team 




1. Establish cause of major 
and recurring failure. 

2. Establish cause of high 
cost maintenance. 

3. Prescribe corrective 
action. 

4. Feedforward Information 
to equipment manufacturer. 



if Feedforward 
T to 
manufacturer 



Source; Kelly and Ho, n.d. 



(External loop 
3rd level control ) 

Information on 
modification from 
manufacturer. 
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miles instead of a target 200,000 miles. Reconditioned transmissions 
were failing at 58,000 miles. 

Detailed engineering analysis indicated that the early failure of 
the new units was due to use of lubricants poorly suited to the 
particular ^plication, eccessively long lubricant change intervals, 
inadequate air systen inspection, and driver operating habits. 

Recownended solutions included more frequent changes of lubricant 
more frequent adjustment of the transmission, improved air systan 
testing, driver training, and improved component design. 

Prcblens with rebuilt gearboxes were found to result from the use 
of reconditioned brake bands aiid gear trains. Recommended romeii.es 
included the use of new brake bands in the rebuilding process and 
instrument testing of gear trains to detect hairline cracks before 
raise, 

b. Evaluation 

Kelly and Ho indicate considerable success with this approach to 
specific prcblens. However, dne/ stress the importance of systematic 
recordkeq^ing: 

Unless a data collection system has been properly designed it is 
extremely difficult to extract the type of information necessary 
for maintenance decision-making. A passenger transport organi- 
zation using man/ identical buses should have a data collection 
system which will gather information on failures down to the it en 
(e.g., gearboc) level. Such information should include the tine to 
failure, the symptans, and above all, the causes of failure. (Kelly 
and Ho, p. 8) . 

C. Workload Project ions 

The techniques surveyed in the first two parts of this section are 
concerned with monitoring and improving performance. We now consider 
methods for planning maintenance activities. Two types of action must 
be addressed: schedule! and non-scheduled maintenance, 

1. Scheduling Regular Maintenance 

Scheduled maintenance includes daily servicing as well as periodic 
inspection and preventive maintenance. Most properties have daily 
sch edul es for fu el i ng and cl eaning . The more c ri t ic a? need i s for 
preventive maintenance and inspection scheduling. This is addressed in 
seme sy3 tens by incorporating inspection targets into the MIS systen. 
The Chicago Transit Authority's Vehicle Maintenance Systen (VMS) is a 
case in point. It displays lists of vehicles reaching maintenance 
mileage targets on a daily basis. 

A related need is to plan inspections on a long term basis. This is 

important <*hen setting staffing levels and phasing in new fleets. 

Several methods for doing this hase been developed (Kelly and Ho, n.d. 

and Wilson-Hill, 1980) Their common element is the analysis of periods 
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vhen vehicles are unavailable for maintenance because they are needed to 
meet peak demand or to maintain spare vehicle ratios. The most advanced 
tool for this purpose is the Interactive Inspection Scheduling Package 
(IISP) developed by the Transportation System Center (Wilson-Hill, 
1980). It could be profitably adapted for handling not only warranty 
-related Items but also for planning compliance with preventive 
maintenance schedules. 

2. Projecting Emergency Repairs 

In addition to estimates of scheduled maintenance workloads, 
management also needs to have estimates of non-scheduled (failure) 
maintenance. With cuts in subsidies to passenger bus transportation, 
more tightly controlled budgets will result. This will require more 
accurate assessments of future needs in budgeting for maintenance. One 
way to develop good estimates of future money, manpower and facility 
needs in the maintenance area is to base budgets on the expected number 
of maintenance actions. Accurate failure predictions on a monthly, 
quarterly or yearly basis can be translated easily into corresponding 
manpower and equipment requirements if an accurate data base is already 
in place. Thcr» estimates, in turn, can be used to plan labor schedules 
and part orders. The resulting reductions in overtime and of excess 
inventory can yield cost savings. 

The most significant barrier to systematic analysis of this type 
has been the lack of methods or programs to permit transit managers to 
estimate the expected number of failures by specific components. 
Currently, estimates cf failures are usually developed by seasoned 
personnel on the basis cf historical trends, "experience*' or special 
data analysis. The accuracy of such estimates is questionable. 

One product cf this project is a computer program to predict 
monthly expected component failures for any given component of a bus 
fleet. The component failu::e prediction prog ran was designed to predict 
failures by component or major subsystem, for 36 months, using a data 
base that could be developed easily from bus maintenance records. It 
was also designed to use a minimum amount of computer time and storage 
and to be readily understood by the user. Oet ailed monthly information 
by component and subsystem is provided to estimate labor time and parts 
required for repairs. Simple estimates of total expected failures per 
month are less useful than this data because managers neel to know the 
ejected replacement times and parts requirements. 

The 36-month projection figure was selected because most transit 
organizations work with two and five-year planning schemes, and the 
three-year period would provide sufficient information to fit into this 
time scheme and indicate possible trends. A data base that can be 
readily extracted from existing records is essential to permit use of 
the program. The program was designed for small and medium sized (10 to 
500 bus) systtams because these systems contain the majority of the buses 
on the road and because the least amount of research has been directed 
toward this size of property. However, the program does not limit the 
number of buses and is usable by transit properties of all sizas. 
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Exhibit IV. 7 



FUNCTIONAL FLOWCHART 
QUARTERLY MAINTENANCE REQUIREMENTS MODELS 



INPUT cumulative probability of failure 
distribution 



INTERPOLATE to decermine cumulative 
probability for each 2000 mile Inter- 
val 



I 



COMPUTE conditional probability of 
failure for each 2000 mile interval 



INPUT average daily mil page per bus, 
number""o? buses for which unit data 
is available, last date o f unit re- 
placement for each bus, and date of 
data collection 



I 



DETERMINE average monthly mileage from 
average daily mileage 



COMPUTE miles run for each unit be- 
tween last replacement and data collec- 
tion 



ASSIGN each unit on interval based 
mileage accumulated and DETERMINE 
average interval mileage 



on 



COMPUTE expected number of failures for each 
interval: (number of units in interval) X 
(conditional orob&bility of failure in interval) 



± 

SUM expected interval failures to determine ex - 
pected monthly failures 



PRINT total 
expected failures 



for month 



V 



A00 expected ronthly mileage to current average 
interval mileage 



SUBTRACT expected failures from current in- 
terval counts 



REASSIGN units to new intervals oased on new 
mi leaae and counts 



I 



INITIALIZE new units added to replace f ai lures 
at ze r o tii 1 es . 
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The computer progran was written in FORTRAN using a WATFIV 
ccmpiler. It requires 16 4K monory (as currently dimensioned) and should 
be readily adaptable to most medium-priced microccmputer systems which 
support FORTRAN. The program is divided into eight major parts: 1) 
entry of cumulative probability of failure distribution, 2) filling in 
of missing intervals in cumulative distribution, 3) conversion of cumu- 
lative probabilities to conditional prcbabilities, 4) entry of mileage 
and replacement data, 5) computing of r.iles run since replacement of 
each unit, 6) categorizing units into mileage intervals, 7) computing 
nunber of failures by interval and month, and 8) updating interval 
mileage and accounts. The functional flow chart of the progran is 
illustrated in Exhibit IV. 7. 

The type of output produced is shown below: 



Exhibit IV. 8 
EXPECTED BLOWER REPLACEMENTS 
B* TIME PERIOD 



Period (months) 


Number 


Manpower and Material Cost 


1-6 


19.6 


$ 2163 


7-12 


24.5 


$ 2722 


13-18 


25.3 


$ 2930 


19-24 


25.3 


$ 2930 


25-30 


18.0 


$ 3210 


31-36 


17.8 


$ 3227 



D. Maintenance Policy Testing 

One perennial question facing maintenance managers is "Does 
mileage-based unit change save money?" The component failure prediction 
progran described in Section C.2 can be used to address this question 
and to project cost levels under a variety of maintenance policy 
scenarios. 



For ©cample, Exhibit IV. 9 shows the canparison of an ecisting AC 
Transit maintenance policy with two proposed alternative policies. The 
competing policies are: the current inspection based maintenance with 
replacement at failure, replacitent at the current inspection mileages, 
replacement at 50% probability of failure. The program generated the 
following analysis based on a labor ccet of $11.53 per hour, labor being 
60% of total costs, and the ccst of failures being 50% over replacement 
costs. 



Exhibit IV, 9 
POLICY COST COMPARISONS 
FOR TRANSMISSION 



Inspection/ Replacement at Replacement at 

failure based inspection mileages 50% probability of failure 

maintenance (100,000 miles) (100,000 miles) 

Ccst 

3-year total $46,378.30 $77,334.16 $77,334.16 

Per quarter $ 3,864.85 $ 6,444.50 $ 6,444.50 
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The casts for the second and third policies for transmissions are 
the same since the 100,000 mile inspection replacement interval 
corresponds to the mileage associated with a 50% probability of failure. 
Based on the above comparison, the inspection/ failure replacement policy 
is by far the best, having a total cost 40% less than the cost of 
replacement at 100,000 miles or a 50% cumulative probability of failure. 

A similar analysis of generator replacement is shown in Exhibit 
IV. 10. 



Exhibit IV. 10 
POLICY OOST COMPARISONS 
FOR GENERATORS 



Inspection/ 

failure-based 

maintenance 



Replacement at 
inspection mileages 
(275,000 miles) 



Replacement at 
50% probability 
of failure 
(147,000 miles) 



Cost 

3 year total 
per quarter 



$4,742.72 
$ 395.22 



$2,205.75 
$ 183.81 



$4,552.01 
$ 379.33 



For generators, the replacement at inspection occurred at 275,000 
miles. The mileage associated with a 50% failure probability is 147,000 
miles. Replacement at 50% cumulative probability of failure is only 
slightly better than the replacement policy. Replacing generators at in- 
spection mileages, however, would current result in a 53% savings over 
current practices. 

Aii analysis of blowers is given in Exhibit IV. 11. 

Exhibit TV. 11 
POLICY COST COMPARISONS 
FOR BLOWERS 



Cost Failure/ inspection Replacement at Replacement at 

based maintenance inspection mileage 50% probability 

(90,000 miles) (175,000 miles) 

3-vear total $17,230.57 $11,747.78 $13,291.53 

per quarter $1,435.85 $ 978.98 $1,107.63 



Blower inspection mileage is 90,000 miles. The 50% probability of 
failure mileage is 175,000 miles. Replacement at 50% cumulative 
probability of failure shows a servings of 23% over current practices, 
which indicates that seme improvanent could be made by changing 
policies. However, as with the generators, replacement of the blowers 
at the 90,000 inspection mileage appears to be the best policy with a 
12% savings over current inspection/failure policies. 
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Brake policies are illustrated in Exhibit IV. 12. 



Exhibit IV, 12 



POLICY COST COMPARISONS 
FOR FRONT BRAKES 



Failure/ inspection 
based maintenance 



Replacement Replacement at 

at inspection 50% probability 

mileage (60,000 miles) 
(50,000 miles) 



Cost 



3-year total 
Per quarter 



$36,205.11 
$ 3,017,09 



$102,796.35 
$ 8,566.36 



$98,629.95 
$ 8,219.16 



The replacement mileages for front brakes for the second and third 
policies are 50,000 and 60,000 miles. As the table shows, the 
practice followed by AC Trarait is substantially cheaper than either 
replacement at the specified inspection mileage or 50% cumulative 
probability of failure with a savings of 65% and 63%, respectively. As 
with the transmissions, AC Transit appears to be following the best 
policy. 

The preceeding ediibits show how the program can be used to 
compare various maintenance policies. Such comparisons could be used to 
resolve long-standing disputes about the cost- effectiveness of failure- 
based maintenance vs. mileage-dependent unit exchanges. The program may 
also be used to determine estimated monthly costs or labor requirements. 
If the cost and labor time needed to perform repairs are known or can be 
estimated, the monthly cost and time requirements may be approximated by 
multiplying total expected monthly failures by the unit cost or time. 

Other possible areas for further development are: writing a 
companion program which would directly compute the conditional and 
cumulative probabilities of failure from historical bus maintenance 
data; translating the program into an interactive system; and eventually 
including the program in an inventory control system so that unit 
r epl ac orients could be monitored at the parts storeroom 1 a/el and 
quarterly expected parts requirements could be used to maintain an 
economical inventory level • 

E. Optimum Maintenance Interval Methods 

Four mcd°ls for determining maintenance intervals for components of 
transit buses were identified from the literature during preparation of 
this report. Their use is illustrated in the following section using 
data from AC Transit. The models are described in detail by Rued a and 
Miller (1982). Thqr include the Jardine model, the Dynamic Programming 
model, the Bakr Maintenance Scheduling model, and the MASSTRAM system. 
A comparative analysis and assessment of their value as decision tools 
for bus maintenance is presented. The purpose of this effort is to 
inform the transit industry of various options for setting fleet 
maintenance policies. Bus replacement techniques are discussal in 
Appendix C. Discussion of each method includes its objective, input 
ra-juirements, output applications, and valuation of mcLhcri. 
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1. Jardine model . Hie objective of this model is to calculate the 
optimal replacement interval for each bus component. The input 
requirements are cost of preventive component replacement, cost *" of 
replacement at failure, and component failure distribution per mile. 
The output is a listing of candidate preventive replacement intervals, 
expected number of in-service failures, and expected cost per mile. 

Jardine' s model evaluates trade-offs between the costs of 
preventive replacement and replacement at failure. This model is 
applicable only when components exhibit increasing failure rates ever 
time and when replacement at failure is considered more costly than 
preventive replacement. The cost of failure may include penalty costs 
attributed to service interruptions. For the sake of example, labor 
costs were set at $11.58 per hour, and labor was assumed to be 60% of 
the total maintenance cost. A 50% penalty cost was assumed for 
in-service failures, although data on such penalty custs is not 
generally available. AC Transit data on component failures were used. 

A computer program was developed by Rued a (1982) to facilitate 
computations. Exhibit IV. 13 presents an example of the output for 
scheduling component replacement. 

Exhibit IV. 13 

JARDINE MODEL: OPTIMAL REPLACEMENT MILEAGES 

AND COSTS 



Component 


Replacement Interval 


Cost 




(00C mi) 


($/000 mi) 


Rear Brakes 


42.0 


6.7 


Rear Brake Diaphragm 


57.0 


0.6 


Front Brakes 


62.0 


3.4 


Clutch 


75.0 


2.3 


Front; Brake Diaphragm 


67.0 


0.4 


Brake Application Valve 


92.0 


0.4 


Starter 


107.0 


0.3 


Air Compressor 


122.0 


0.3 


Transmission 


152.0 


1.9 


Brake Relay Valve 


221.0 


0.2 


Blower 


165.0 


0.9 


Generator 


240.0 


0.1 


Differential 


333.0 


0.8 


Semi Engine Overhaul 


263.0 


4.8 


Major Engine Overhaul 


305.0 


11.1 



2. Dynamic P rogramming Model. The objective of this approach developed 
by Vergin and Scriabin (1977) is to schedule preventive, opportunistic, 
or breakdown replacement of a multi- component bus subsystem. The irpc 
requirements are cost of preventive replacement by component, penalty 
costs of replacement at failure, cost-savings associated with the 
preventive replacement of groups of components and survival probability 
by component mileage. The output is the replacement policy for every 
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combination of canponent ages. The methodology uses a dynanic pro- 
graining approach to evaluate alternative maintenance policies. These 
policies area a) replacement of a component only upon failure, b) 
replacement of a canponent before its failure, c) replacement of a group 
of components upon failure of one component, d) the replacitent of a 
group of components upon preventive replacement of one canponent. 

To il lust ate this method, suppose a system is composed of com- 
ponents 1, 2, 3, and 4. The dynamic programming stages would be the 
number of mileage intervals the components are expected to operate. The 
state would be the number of 40,000 mile intervals survived by each 
component and its specific stage. The transition cost would be the cost 
associated with a breakdown, preventive or opportunist replacement 
policy. 

The penalty cost for replacement at failure was assumed to be a 50% 
increase over the cost of preventive replacement cost. Cost savings for 
group preventive replacement was evaluated over two sets of assumptions: 
1) the group preventive replacement cost is the sum of the preventive 
replacement cost of each canponent, and 2) group replacement results in 
a 50% reduction in total replacement costs. Three sets of assumed 
accumulated mileages for the components were evaluated. A sample of the 
output from a program by Rueda (1982) is shown in Exhibit IV. 14. 



Exhibit IV. 14 



SAMPLE DYNAMIC PROGRAMMING/GROUP REPLACEMENT ANALYSIS 



Cumulative Failure Probabilities 



component 40,000 mi 8 0,000 mi 120,000 mi 

1 .263 .657 .876 

2 .263 .657 .876 

3 .438 .871 .976 

4 .438 .871 .976 



Optimal Replacement Strategies 



Case Mileage Accumulated 
by Canponent 
1 2 3 



2 
3 



40,000 
40,000 
80,000 



0 
0 

120,000 



80,000 
120,000 
80,000 



120,0.0 
80,000 
80,000 



Best Option Assuming 
No cost savings Group 
for Group Action Savings 



Replace 4 
Replace 3 
Replace 2 



Replace 1,4 
Replace 1,3 
Replace 1,2 



This technique can be used to evaluate the cost trale-offs, 
frequencies of breakdown, and preventive and opportunistic policies for 
replacement of multi-component systems. In contrast to deriving 
replacement intervals for components on an individual basis, this method 
accounts for both the component's age and the ages of the other 
components in the subsystem. It tends to become computationally 
difficult as the number of oomponets under evaluation is increase!, but 



9 

ERJ.C 



41 

51 



sub-groups with a reasonable number of components exhibiting potential 
for preventive and opportunistic replacement can be considered. 
Canponents of such groups may be characterised by increasing failure 
costs, similar mean mileage lives, or similar failure functions. A 
significant disadvantage of the method is the anount of recordkeeping 
required to keep track of the canponents' ages to decide whether 
pra^entive, qpportunistic or bloc*; replacement should take place at 
specific mileage intervals. This makes the model most appropriate for 
use in special studies to control high c~$t functions. 

3. Bakr Maintenance Scheduling Model 

The objective of this model is again to determine .an economical 
bus maintenance schedule by accounting for preventive maintenance costs, 
costs of in service failures, and bus preparation costs. The input 
reguironents are failure distributions by component, preventive replace* 
merit times by component, emergency replacement times by component, 
probability of bus accident upon in-service failure of component, costs 
and times for replacement, average cost of an accident and bus pre- 
paration costs. The output is the maintenance schedule and the total 
maintenance cast per mile. Bakr and Kretschmer (1974) use a search 
method to 3 elect least-cost bus maintenance schedules. The search 
begins by grouping canponents with similar mean mileage lives. These 
components are then kept as a group for scheduling purposes. The 
initial estimates of mileage intervals are derived by minimizing 
preventive replacement and in-service failure costs. The search method 
evaluates the cost c£ candidate mileage intervals within, the range of 
the mean failure time of the canponents. Final service Schedules are 
derived by minimizing preventive replacement, in-service failure and bus 
preparation costs. A moving-range search method is used. 

Test applications cf this model ha/e generated solutions viiich are 
extremely sensitive to bus preparation time, accident cost, and the 
difference between scheduled and unscheduled rqpair costs. The method 
also tands to produce schedules which are inccmpatible with the 
objective of meeting peak hour service needs. Sane of those problems 
are remedied in the approach discussed next. 

4. frftSSTRAM . The Maintenance Analysis and Scheduling System for Transit 
Management or MASSTRAM model was originally intended for rail mainten- 
ance scheduling. Its authors conducted initial runs of the model, using 
data collected fron the Massachusetts Bay Transportation Authority 
(Herniter et al., 1977). Recently, Foerster et al. (1980) modified and 
tested the model using data frcm a bus transit system. The unique 
feature of MASSTRAM is that it is an interactive system. It is 
basically a more refined versicri of the Bakr model and has options 
allowing the user to define minimum and maximum preventive mileage 
intervals and the maximum allowable number of inservice failures. Peak 
fleet requi<3nent became an additional constraint in the derivation of 
least-cost maintenance schedules. The user specifies the maximum number 
of different ore/entive mileage intervals to be considered during the 
evaluation and the model has the capability to differentiate regular and 
overtime requirements for any generated maintenance schedule. It 
searches for the maintenance schedule viiich minimizes preventive 



maintenance and in-service failure costs, and which also satisfies 
user-provided constraints on peak fleet requirements and allowable 
lumbers of in-service failures. Examples of MASSTRAM outputs are shown 
in Exhibit TV. 15. It has the unique capability of analyzing the 
tradeoffs between cost and system reliability. 



EXHIBIT IV. IS 
MASSTRAM MAINTENANCE SCHEDULE AND TRADEOFF OUTPUT 



SUBSYSTEM EVALUATION 
A******************* 



SYSTEM DESCRIPTION 



ENGINE SLOWER 
ENGINE INJECTORS 
ENGINE STARTER 
FLUID FAN DRIVE 
TRANSMISSION 



MAI NT. 

INTERVAL 

(MILES) 
******* 

15COOO 
S3000 
128999 
158999 
158999 



EXPECTED MAN-HOURS 
REQUIRED FOR 
MAINTENANCE 
REC EMERG. TOTAL 
a******************** 



934 
3247 

982 
2351 
2351 



224 
511 
892 
260 
3097 



1159 
3758 
1774 
2611 
5447 



VEH. HRS. 
OUT OF 
SERVICE 
PER YEAR 

1837 
6120 
3636 
4325 
22083 



NO. OF 
VEHICLE 
FAILURES 
PER YEAR 

41 
III 
265 

36 
341 



3597.91 



3571.12 
•UKttd 
n unbar 

of 

falturas 
par yaar 

35*7.89 



3322.5k 



3*97. *l 



3*72.27 



plot of npMtid nunftcr of falluraa par yaar 
•a a function of 
axpaccari malntananea coat par yaar 



3**7. 13#--— - » 

3081.0* 3083.87 3099.30 3X1*. 9* 3130.57 31*8.20 3181.93 

•x Met ad maintananca coat oar yaar 



« scats: 100.00 y scaiai 1.00 
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V. SUMMARY AND CONCLUSIONS 



Vehicle maintenance is an ectermely important and complex aspect of 
transit management. The efficiency and effectiveness of maintenance are 
influenced by a number of decisions about hew to plan individual jebs, 
hay to record daily activities, and how to allocate resources ever both 
short and long teun planning periods. Techniques for improving 
maintenance performance can be categorize! according to their relevance 
to these cencerrs; 



Technique 



Issue Addressed 



Jcb task design 

Component r^uildirg procedures 
Daily fueling and servicing 

Prwentive maintenance 
Recordkeeping 
Maintenance scheduling 

Maintenance scheduling 
Budgeting 

Vehicle replacement analysis 



Work 

methods 

issues 

Daily 

operating 

records 

Strategic 

planning 

issues 



Current maintenance management tools address routine operating concerns, 
principally daily servicing, scheduled inspections, arri exception 
reporting. A checklist of these current tools is given in Exhibit V.l. 

Opportunities for improving maintenance exist in both the work 
methods and strategic planning areas. The types of issues vdhich arise 
in these areas are not immediately reflected in daily performance 
reports, bat they hare an important impact on long-term cost and on 
reliability trends. 



Techniques for redesigning work netliods viiich have potential for 
improving maintenance performance include: 

Standard job performance procedures 
Standard jcb time estimation 
Job performance bulletin 
Fault mode analysis 

Gtrategic planning techniques \hich could imprcve management effective- 
ness include: 



Failure Analysis 

Cost and Manpower Forecasting Methods 
Maintenance Policy Testing Methods 
Maintenance Scheduling Tools 
Vehicle Replacenent Analysis 

Implementation of these new methods will require a comni brent by 
management to long-tenn planning and organizational development. This 
:cmmitment must be translated into improved maintenance recordkeeping 
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EXHIBIT V.l 
CURRENT MAINTENANCE MANAGEMENT TOOLS 



Item 



Operator defect report 



Consumab les report 



Work order system 



Maintenance cost report 



Periodic Inspection 



Vehicle history record 



Roadcall reporting 



Performance summaries 



Vehicle cost summaries 



Purpos e Reference 



* Monitors vehicle condition 

* Establishes accountability 
of driver 

* Monitors fuel and oil used 

* Provides data for cost analysis 

* Identifies items needing attention 

* Provides for accountability 



* Monitors vehicle condition 

* Allows for routine adjustment 



Page 
14 

55 
56 



* Details and summarizes time 

and material used 57 



58-59 



* Tracks mileage between repair 

* Documents periodic inspection 16 

* Identifies reliability problems 

* Insures corrective action 60 

* Monitors fleet condition 

and maintenance effectiveness 61 

* Tracks average cost levels 

* Identifies problem vehicles 62 



Exhibit 
III. I 

B.l 

B.2 

B,3 

3-4 

III. 2 

B.5 

B.6 

B.7 



Note: 



Exhibits B1-B7 are located in Appendix B. 
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and more systematic maintenance engineering studies to identify 
property-specific strategies for improving performance and controlling 
costs. 

Experience in the work methods area has demonstrated that methods 
analysis and the use of job performance bulletins improve maintenance. 
The major need in this area is dissemination and transferability 
testing. 

The idea of strategic planning methods is relatively new in transit 
maintenance 'out it has been standard practice in maintenance engineering 
for many years. This rqport documents a number of procedures for 
processing component reliability data, analyzing maintenance policies, 
and generating improved maintenance schedules. These techniques have 
been found to be practicable. They can be recommended to management as 
tools for simulating and evaluating the budgetary and staffing impacts 
of maintenance decisions. 

The actual impacts of strategic planning tods currently cannot be 
quantified because their data requirements are not met by current 
recordkeeping practices. Adoption of these methods will require 
development of a data base which has component- level maintenance 
information including cost of materials and labor, reason for main- 
tenance, and mileage of performance. This type of data is frequently 
kept in written records but at this time it is not summarized into 
useable form nor is it retained over the life of the individual 
vehicles. It is essential that historical component level records of 
this type be maintained to permit trend analysis arr" policy testing. It 
is not sufficient merely to record the mileage at which the last main- 
tenance action was taken, as is now the practice for routine inspection 
scheduling. 

The specific technii]ues identified in this study, their data 
requirements, and potential for improving transit maintenance are 
summarized in Exhibit V.2. 



Exhibit V. 2 
POTENTIAL APPLICATIONS AND DATA REQUIREMENTS OF 

NEW TECHNIQUES 



It an 



Objective 



Data 



Application 



1. Work Methods 
Analysis 



2, Standard 
Jcfo times 



3. Standard 
Cost Analysis 



4. Failure 
Analysis 



* Identify sources of 
error and inefficiency 



* Develop standard 
job procedures 

(reference: Section IV. A) 

* Develop estimate 
of labor needed 

(reference: Section IV. A.l) 

* Determine material 
and labor cost of 
specific task 

(reference: Section iV. A. 6) 

* Determine failure 
characteristics of 
key components 



(reference: Section IV. B) 



* Special 
observation 



* Special 
observation 



* Bill of 

materials 
*(1) and (2)above 



* Component life 
utiles 

* maintenance 
history 



* Reduce error 

* Produce reference 
for staff 

* Improve performance 
time 



* Jcb scheduling 

* Employee 
performance 
monitoring 

* Costing 
job-out 

decisions 



* Supplier 
canparison 

* Trend analysis 
canparison 

* Meet/ facility 
performance analysis 

* Policy testing 
and forecasts 



5, Fault Mode 
Analysis 



* Diagnose reasons 
for component 
failure 



* Special 
engineering 
studies 



* Da/el cp 
remedial 
measures 



6. Planned 
Maintenance 
Forecasting 



(reference Section IV. B.3) 

* Allocate manpower 
to meet PM intervals 



(reference: Section IV. C.l) 



* Vehicle mileages * Set PM 

* ?M schedules policies 

* Vehicle and 
Labor cR/ailability 
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7, Non-Scheudluei 

Maintenance Forecasting 



3, Maintenance Policy 
Testing 



9. PM Scheduling 



* Project future 
Failure-Based 
Maintenance 



* Sane as 
(5) above 



(reference: Section IV, C.2) 



* Predict Failures, 
Cost of Maintenance 



Same as 
(5) above 
Unit change- 
out costs 
failure-basal 
unit replacement 
cost 



( reference: Section IV .D) 



rest 



* Develop least 
Maintenance 
Plan for Entire Bus 



* Same as (9) 
Except for 



for all systens 



3udget 
forecasting 
Inventory 
and manpower 
planning 



evaluate 

impact of 

PM and planned 

unit exchange 

policies 

on cost, 

workload 



* Cost and 
Failure 
off analysis 



( reference: Section IV .E) 
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EXAMPLES OF SHOP AND GARAGE REPORTS 
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EXHIBIT B.l 
SAMPLE CONSUMABLES REPORT 



DATE: 



METER AND DIPSTICK 
READINGS 





DIESEL FU£L ' TRNNS. OIL 


MOTOR OIL 


END 


i 






START 








TOTAL 









BUS 


FUEL 


TRANS. 


OIL 


1101 








1102 








1103 








1104 








1105 








1106 








H07 








1108 








1109 








1110 








1111 








1112 
























1115 








1116 








1117 








lllfl 








1119 








1120 








1 121 








1122 








1123 








1124 








U25 









BUS 


FUEL 


TRANS. 


OIL 


1 126 








1 127 








1 128 








1129 








1130 








1131 








1132 








1133 








1201 








1202 








1203 








1204 








1205 








l?0ft 








1207 








1208 








1709 








1210 








1301 








1302 








1 303 








1304 








1401 








1402 








U03 









BUS 


FUE1 


TRAMS . 


OIL 


N04 








140! 








1406 








1407 








140* 








1409 








141C 









BEST COPY AVAILABLE 
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EXHIBIT B.2 
SAMPLE WORK ORDER 



MECHANICAL DEPT. WORK RfPORT 

OATl TTfl IMS*. .IUS. MO. 



Origin*! Job No. 

I ■ ■ t I I I I I ■ I 



10 



Rtporttd by. 



REPAIRS COMPLETED 



1 




































10 




O.K. Mr Sirvio-iMMCttd bv 

FOREMAN 
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BEST COPY m 
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BEST COPY AVAILABLE 



EXHIBIT B.3 
MAINTENANCE COf»T REPORT 



Account Dtiirtoutlon 
OcK'tpiton o4 Wort . 



TVpo 
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u 


kROA 




PARTS AND MATERIALS 








•ft* 


a™* 


Uftft 




Port 1 
Numb«f 


Dfltcrlptlon 


U53T" 
Prk« 


AmuiH 












, , 

















— 







■ - 










- — . , , . — . 




















, , — , 









































































■ — i 






















. _ — , , — _ 






























































































































































































































































































ToirtJ Pmt%% 






To< >» Ut*r 
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EXHIBIT B.4 
SAMPLE PERIODIC MAINTENANCE SCHEDULE 

QUAD-CITIES TRANSIT FACILITY 

-atiMO MILE SERVICE INSPECTION 
All COACHES equipped with DIESEL HYDRAULIC 



Property 



Coach No 



Inspection Miles 



Date 



Symbol Definition: 



a o.k. 

a ADJUSTED 

O REPAIRS NEEDED 



NOTE. REFEH TO MANUFACTURER S 

MAINTENANCE MANUALS FOR 

OCT AILS 
0* INSPCCTION PROCEDURES 



NO 



Coach Interior Inspection 



CHECK The Following: 



MECM 
NO 



(ZD *«EE PL>Y IN STEERING WHEEL 

□ BRAKES. ACCELERATOR- PEDAL OPERATION 

□ HORN FOR SOUND * BUTTON OPERATION 

Q AIR OIL ft GENERATOR GAUGES FOR PROPER REAOINQ 
k OPERATION 

□ TEMPERATURE GAUGE OPERATION 
0 SHirr.TOWER k LEVER OPERATION 

□ HAND BRAKE LEVEH OPERATION 

□ WINDSHIELD WIPER SWITCHES k OPERATION 
D R EAR VIEW MIRRORS 

□ HEAD UGHTS k DIMMER SWITCHES 
0 OOME. DASH k 5TEPWELL UGHTS 
O TURN SIGNAL OPERATION k LIGHTS 

O p ASSENGER BUZZER FQh SOUNO k OPERATION 
O DESTINATION SIGN FOR OPERATION k UGHTS 
O FRONT k REAR DOOR OPERATION 

0 INSTRUMENT kANGL SWITCHES 

1 1 STOP k START SWITCHES 

□ HEATER k BLOWER OPERATIONS (BLOW OUT CORES) 
I I DRIVER'S SEAT k OPERATION 

1 1 vVINOOWS. LATCHES. OPERATION k GLASS 
CD STANCHION & GRAB RAILS FOR DEFECTS 

0 SEAT FRAMES A COVERING FOR DEFECTS 

1 I 8U22ER CORO 

I I EMERGENCY DOOR LEVER k OPERATION 

I I OcNERAL INTERIOR CONOITION P.MNT PANELS. ETC 

I I DOOR- ENGINES FOR AIR LEAKS ETC 

I I P '«E EXTINGUISHERS 

O PuOOR COVERING p 0R LOOSENESS A OEFECTS 

□ SAFETY DOOR EDGES. TREAOLES ETC 

Coach Exterior Inspection 

□ VARKER CLEARANCE STOP k TAIL UGHfS 

□ -COR & FINDER RUBBERS 

O GENERAL BOOY k PAINT CONDITIONS 

tZ) '-^ mT EN WHEEL & AXLE FLANGE NUTS 

CZ) S^AL.Y TIRES FOR UNEVEN WEAR Cl'TS ETC 

CI; .USTMENT ON WHEEL BEARINGS /RAISED WHEELS! 

CTT * • " 3 " ^VEAR RAISED WHEELS' 
:* ANC SE T -qe , N 

□ -c • avc SERVICE 8AnERiE5 
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BEST COPY AVAILAB: 



SYMtOL 



Coach Exterior Inspection » continued 



FILL IN The Following: 

VOLTAQE BATTERY NO. 



HYORQMETER 



BATTERY NO 



CHECK VOLTAGE REGULATOR (IF NECESSARY) 



Coach Under Chessie - Pit Inspection 

O ORAG LINE k TIE ROO FOR WEAR k ADJUSTMENT 
Q PEDAL. SHIFTER. ACCELERATOR k HANO BRAKE ROOS 
FOR WEAR 

D FRONT SPRINGS FOR BROKEN LEAVES 

CENTER BOLTS. LOOSE SHACKLES k V ' BOLTS 
CD SHOCK ABSORBERS FOR FLUIO k UNKAGE ADJUSTMENT 

□ AIR TANKS. MOUNTING. ORAIN TANKS" 
O FUE. 'ANKS FOR LEAKS. ETC. 

O REAR SPRINGS FOR BROKEN LEAVES. CENTER BOLTS 

LOOSE SHACKLES k V BOLTS 
O HAND BRAKE UNKAGE k ADJUSTMENT OF SHOES 

□ n RlVE SHAFT k U" JOINTS FOR LOOSENESS ETC 
O DIFFERENTIAL PINION BEARING FOR EXCESSIVE LASH 

□ DIFFERENTIAL- PIN/ ON. OIL- SEAL FOR LEAKS 

CJ BRAKE DIAPHRAGMS FOR LEAKS (BRAKES APPUEO) 

□ BRAKE CAM TRAVEL k POSITION (BRAKES APPLIF.Q) 

0 RELEASE • ACTION k AOJUST BRAKES 

□ BRAKE SHOE SPRING OPERATION 

□ WHEEL SEALS FOR GIL OR GREASE LEAKS 

□ ENTIRE UNOEP CHASSIS OF COACH FOR DEFECTS 

1 I MUD SPU^Si- Flaps 

□ COMPLETE >^SS 5 LUBRICATION *s 0*f Vllgr s So«c 
Q DIFFERENT. CiL .cVEl 



continued on next page 
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EXHIBIT B-4 continued 



FUMO uvels 



tire pressures 



OIL 

TflANS. 

REAR END LUBE: 

COOLANT- 

NALCOOL 

M.COHOL 

W/S SOLVENT: . 



LEFT FRONT _ 
RIGHT FRONT . 
L REAR INNER. 
L REAR OUTER: 
R. REAR INNER 
R. REAR OUTER: 



M€CM 



SYMBOL 

a 
□ 
□ 
a 
□ 
□ 
a 
□ 
□ 
□ 
□ 
a 
□ 
□ 
a 
a 
a 
a 
a 
a 
a 

a 
□ 

a 
a 
a 
□ 
a 
□ 
a 
a 
a 
□ 

a 



Coach Eng. Compartment Intpjcom ) 
CHECK The Following: 



M6CM. 

NO. 



I 



CHECK STARTER OPERATION. BRUSHES ft SPRINGS 
BLOWER BOX DRAINS FOR OBSTRUCTIONS 
ENGINE GOVERNOR LINKAGE. ETC. 
?RONT ENGINE SUPPORT 
PAN ANO FAN HUB 

FAN SHROUO FOR LOOSENESS. CRACKS. ETC, 
RADtATOR ft SURGE TANKS FOR LEAKS. *nd 
MOUNTINGS FOR LOOSENESS 
SLOW OUT RAOIATOR FINS FROM INNER SlOE 
RAOIATOR FILLER CAP ANO GASKET 
RADIATOR SHUTTER OPERATION 

TAIL PIPE. MOUNTINGS . 
9ULKHEAO BELLCRAN<S. RODS, ft CLEVISES 
AIR COMPRESSOR SUPERCHARGER TU8E 
MUFFLER ft EXHAUST PIPE 

WATER MANIFOLD FOR LEAKS 1 
VALVE LASH • HOT ENGINE 

INJECTORS ft INJECTOR FLUID UNES FOR LEAKS . 
STALL TEST TUNE ENGINE, IF NECESSARY | 
CHECK ft AIR TIRES 

ALL WIRING FOR BROKEN INSULATION. LOOSE 

TERMINALS. ETC. j 
ENGINE COMPARTMENT SWITCHES 
ENGINE STOP. REAR STARTER. ETC. 
ENGINE ALAAMS7AT 

ALL OIL FUEL A|R ft WATER UNES FOR LEAKS ft DEFECTS 
ALL WATER HOSE ft CLAMPS 

transmission output searing for excessive iash 
transmission Output se^l for leakage 
neutral stop adjustment ano operation 
clutch adjustment 

generator 3rushes ft springs iblow out oust) 

SNGiNE 'NSULATORS 

Aifl COMPRESSOR ^NLOAOER VALVE LASH 
a$?'RmTOR. «F SO equipped 
-L^iO PUMP .F SO EQUIPPED 



Coach Eng. Compartment Lubrication 
3YM§0L CHECK Tho Following: 

O SHUTTER AIR CYUNOER (KYSOR FLUIO) 

O SHUTTER AIR FILTER (KYSOR FLUIO) 

CD CLUTCH AIR CYLINOER (OIL) 

O THROTTLE AIR CYUNOBR (OIL) 

O OIL • STARTER 

Q GREASE - GENERATOR 

O CHANGE AIR COMPRESSOR OIL (WAGNER COMP ) 

CD TRANSMISSION-GOVERNOR (OIL. IF NECESSARY) 

CD CLUTCH RELEASE - BEARINGS (GREASE) 

O HYORAULIC TRANS. SEARING-CAPS (GREASE) 

CD CLUTCH RELEASE SHAFT • UPPER ft LOWER (GREASE) 

CD SHUTTER. LINKAGE ft 6LA0E -BEARINGS (OlU 

CD CLEAN AiR COMPRESSOR AIR CLEANER, if •qu<op«d 

□ CLEAN GEMERATCR AIR STRAINfcRS, if •qui*** 

O CLEAN ENGINE AlR-CUEANERS ft CHECK iNTAKti SYSTEM 

O CLEAN ENGINE OIL STRAINER 

O CHANGE ENGINE OIL FILTER ELEMENT 

CD CHANGE ENGINE LUBE OIL 

CD CLEAN FUEL OIL STRAINERS 

O CHANGE FUEL OIL FILTER ELEMENT 

0 CHANGE TRANS. FLUIO ft CLEAN STRAINER 

O CHANGS ANGLE ORIVE OIL 



3 F.MARKS. 



Signature of superintendent or foreman 



5 * 70 BEST COPY AVAILABLE 



EXHIBIT B.5 
SAMPLE ROADCALL SUMMARY 
6ut Doum 



ShrRv 



Date 

















p— 


















































1 










































































1 




























1 , 

































































































































































































































suzinaa * 9 * * * »' j 
















To-taL T I 
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r.AHIB IT B.6 
SAMPLE SUMMARY OF DAILY PERFORMANCE 

Daily Maintenance Performance Indicators 



® 



Indicator 


Monday 


Tuesday 


Wednesday 


Thursday 


Friday 


Saturday 


Target 


Actual 


Bad Order Buses 


© 














@ 


Spare Buses (at peak) 


® 


1 














Road Calls 


© 




<^ 












Service Delays 


© 






\ 










Defects Reported by Operators 


© 
















Defects Repaired 


© 
















Interior Washes 


® 
















Cn&ints Cleaned 


© 
















Minor Inspections 


















Major inspections 


® 
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EXHIBIT B.7 
SAMPLE VEHICLE COST SUMMARY 



FlOtm) 

Noventec - 1981 
Page ^ 



WAD CIT* fRANSlT FACILITY 



Busl 



74 



CONSUMABLES 



MAINTENANCE COST 



Total 
Hilts 



Fuel 



Oil 

H.P.G. Qts. H.P.Qt , 



8101 


4J60 


1085 


4.0 


18(36) 


242 


8102 


4421 


1138 


3.9 


17 


260 


8103 


4326 


1126 


3.8 


13(36) 


333 


8104 


4099 


1052 


3.9 


9(H) 


455 


8105 


3580 


960 


3.7 


13 


275 


8106 


4568 


1117 


4.0 


6(36) 


761 


8107 


3810 


989 


3.9 




• j j 


8108 


4120 


10 78 


3.8 


10<34) 


412 


81P9 


3803 


997 


3.6 


* (36) 


423 


8110 


4433 


1164 


3.8 


12(36) 


369 


8111 


928 


247 


3.C 


12 


464 


8112 


4206 


1100 


3.8 


8(36) 


526 


8113 


3934 


989 


4.0 


7(36*) 


562 


8114 


3554 


9 30 


3.6 


9(36) 


395 


8115 


4242 


1057 


4.0 


14(14) 


303 


8116 


4014 


ln54 


3.8 


10 (36) 


401 


8) n 


<592 


1171 


3.9 


11(34) 


417 


8116 


4113 


1044 


3.9 


15 


274 


6119 


1869 


1002 


3.9 


10(36) 


367 


8120 


3990 


1048 


3.6 


15 


266 






R1CMMTO 


(an a 


total i,£ 





Torque Anti Tirt 
Oil Freeze Coat Total 



| ftepaic | Pacta 



$118.68 $1298 . 56 

120.34 1333.28 
117.76 1337.14 
111.56 1250.57 

97.45 1122.10 

121.35 1360.03 
103.71 1171.64 
112.15 1U76.11 
103.52 1162.54 
120.67 2378.64 

25.26 267.16 

114.49 1304.53 

107.09 1177.46 

15 96.74 1*05.98 

115.47 1260.46 

10*. 27 1249.99 

29 125.00 1414.31 

6 111.96 1225.47 

105.32 1191.14 

106.62 1226. S2 



Hours 

8.25 
5.75 
7.25 
7.25 
16.25 
6.25 
22.25 
18.50 
23.75 
17.00 
30.00 
24.00 
16.75 
38.50 
17.00 
24.50 
24.25 
7.00 
19.00 
26.75 



Costa 

$ 25.44 
4.90 
212.23 

42.66 
799.02 

25.44 
176.36 
304.63 
134.73 

35.55 
119.40 

81.08 
145.6. 
204.62 
\45.36 
220.63 
233.32 

44.58 
152.33 
138.60 



Labor Direct 
Coats Charge 



$ 60.81 
.0.33 
66.71 
66.11 
144.57 
62.59 
216.21 
176.41 
230.^0 
156.04 
296.26 
221.18 
167.09 
376.20 
196.98 
246.09 
234. $9 
66.95 
1*2.89 
275.65 



$ 53.04 
204.53 



286. 55 



144.36 
959.90 



195.53 



292.51 



l 

Total 

$ 159.29 
259.76 

1106.77 
1230.14 
66.03 
392.57 
481,04 
365.03 
337.95 
1377.56 
302.26 
332.96 
581.02 
539.67 
466.72 
467.91 
404.01 
335.22 
414.45 



TOTAL 
COSTS 

$1457.65 
1593.04 
1616.08 
1359.34 
2352.24 
1446.06 
1564.21 
175/. 15 
1547.57 
1716.59 
1664.72 
1606.79 
1510.44 
1687.03 
3600 .35 
1716.71 
1662.22 
1629.51 
1526.36 
1641.37 



RK.'MHTO ran a total i,£ 97,6)2 mile*, total cost was $47,651.66 which equale an average coat per telle of $.486. 

BEST COPY AVAILABLE 



Coat Par 
Hilt 



(.334 

• 360 
.374 

• 332 
.657 
.317 

• 411 
.426 
.407 
.387 

1.794 
.382 
.384 

• 475 
.424 
.426 
.410 

• 396 
.395 

• 411 
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Appendix C 
Vehicle Replacement Decision-M aking 



Six methods for analyzing bus replacement were identified in the 
c curs 3 of the maintenance project. These are Fleet Age Profile 
Analysis, Fleet Aoquistion and Retirement Modeling , Maintenance Cost 
Trend Analysis, Life Cycle Cost Analysis, Average Cost Analysis, card the 
Annual Maintenance Cost Limit (AMCL) method. They are presents here to 
complement the main discussion of maintenance decision aids. The intent 
is to present a canparative analysis of maintenance decision aids for 
fleet replacement and to inform the transit industry of these various 
options. The methods are illustrated using actural component failure 
and estimated cost data. Discussion is organized around each method's 
objectives, iiput requirements, output information, and a brief 
evaluation. 

Fleet Age Profi l e Analysis 

The cbjective cf this technique is to describe the effect of 
vehicle replacement schedules cn fleet, mix* The input requirements are 
the fleet age profiles at the start of the planning horizon, the length 
cf the planning horizon and annual retirement and replacement plans. The 
cutout is a display of fleet canposition on a yearly basis. The 
Tri-State Regional Planning Commission (1973) used this approach to 
study bus purchase decisions ever a 20 year time frame, accounting to 
both changes in don and as well as bus fleet age. The fleet age profile 
is derived at the start cf the planning period and the buses are retired 
annually with the oldest age groups getting higher priority than the 
more recent purchases. 

The approach does not consider acquisition budget constraints and 
does not account for vehicle characteristics and mileage in the 
determination of the replacement schedule. Coming up with a stabilized 
replacement schedule not be possible at all if many of the buses are 
"a/eraged" and tile desired bus age is to be arrived at in a relatively- 
short time frame. The method, however, is a quick and easy tool for 
locking at fleet modernization requirements. It is illustrated in 
! Sxhibit C.l. 

Strategic F leet Acquisition and Retirement Mcde l 

The cbjective of this methods is to generate a schedule of bus 
acquisitions ever a five-year strateg ic planning period by e/aluating 
the trade-off between bus acquisition and maintenance costs. ^he 
planning tool was develq^ed by E. Hauer (1975) and was tested using data 
from the Ottawa Transit Commission, the Ottawa Carlton Regional Transit 
Commission, and the Cielph Transportation Commission. The input 
requirements are fleet age profile, annual miles run by buses in each 
age group, maintenance costs per mile of ouses in each age group, 
required passenger miles per year, annual maintenance budgets, acquis- 
ition budget limits per year, and purchase cost of a new bus, The 
output is a listirj of all feasible five year acquisition and retirement 
strategic with annual maintenance .and acquisition costs and average 
fleet .ige at the end of five years. Each of these feasible strategies 
can be «/aluatad on the basis of acquisition and .maintenance costs 

63 
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Exhibit C.l 
SAMPLE FLEET AGE ANALYSIS 



Fleet Age Profile 
(January, 1982) 

Age Number of Buses % of Total 

21 126 49.2 

20 6 2.3 

19 0 0.0 

18 13 5.1 

17 11 4.3 

16 2 0.8 

15 18 7.0 

14 0 0.0 

13 11 4.3 

12 0 0.0 

11 30 11.7 

10 0 0.0 

9 32 12.5 

8 7 2.7 

Bus Replacement Schedules 



Schedule 1 Schedule 2 





Bus Age 


Purchases 


Bus Age 


Purchases 


1982 


21 


126 


22 


25 


L983 


20 


6 


23 


25 


1984 


19 


24 


24 


25 


1985 


17 


20 


25 


25 


1986 


16 


11 


25 


26 


1987 


15 


30 


22 


30 


1988 


13 


32 


18 


34 


1089 


3 


7 


17 


34 


1990 


9 


0 


9 


32 






54 


77 
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and/or average fleet age. A computer program was developed by Rued a 
(1982) using the methodology proposed by Hauer. Exhibit C.2 shows the 
type of cut pit produced. Strategy one presides for the maximum number 
of acquisitions allowed by the annual budget, yielding an average fleet 
age of 15.2 years at the end of five years. This is in contrast to lav 
cost strategy three, vhere no acquisitions are made over the five year 
time fr^ne, resulting in an older fleet of 18.5 yeais. Strategy two has 
a cost saving of $2,709,316 over that of strategy one with an average 
fleet age of 17 years. 

This technique is a gocd manag orient tool for evaluating fleet 
performance over a project tine horizon. One of its advantages is not 
considering r^lacenents on an individual basis, so the replncenent of 
an old bus will not assume the role of its predeceesor. The whole fleet 
performance is affects! as new buses are assigned more mileage than the 
replaced older units. Maintenance cost as related to bus age must be 
determined, however. 

Maintenance Cost Trend Analysis 

The objective cf this method is to determine the economical 
replaconent age of a bus by analyzing the behavior of its maintenance 
costs. The data required is the maintenance cost per mile of a bus at 
various mileages or ages. The output is the replacement age of the bus 
resulting in 1 ewers t total cost. This quick and easy method was 
discussed by 3rown-West (1981) in his case study of the New York Transit 
Authority. The procedure is to plot the maintenance costs per mile 
versus bus age, and determine the equilibrium value by noting signi- 
ficant increases or decreases in maintenance costs. Exhibit C.3 shows a 
sanple plot. It should be noted that significant cost increases occured 
at years 4, 5, 8, 9, 10, and 11. Cumulative mileage at years 5, 9 and 
11 are 200,000, 360,000 and 440,000 miles respectively. At these points 
major and seni- engine cverhails are assumed to occur. This is supported 
by an analysis of AC Transit data v^hich indicates a mean interval of 
255,000 miles betwe^r seni-cverha-ils and 340,000 miles between major 
engine overhauls. Records also show that most of the other components 
were replaced along with these cverhails. One or two decreases in cost 
follow these overhauls due to increased systan reliability until the 
wear-out effect is evident again. After three such overhauls, costs 
fron year 13 start to fluctuate. Increases in maintenqnee cost are 
attributed to the rising failure rate. 'That seem to be cost decreasos 
•nay be due to the minimal use of older buses because of their high 
failure potential. The trend analysis indicates an economic replacement 
.*je of 13 years. 

The major advantage of this method is that it is easy to use. It 
is bxsed on the retionale that the buses should be replaced vkien furthtu 
maintenance bee ones uneconomical . It does not consider the trade-off 
between acquis it ion and maintenance costs. 

A_er Cost Aiialyr3 is 

The objective here is to determine the most econonical replacanent 
•wo by minimizing average annual costs per mile. The input: requirements 
arfi 'naintenance erst per year of operation, fuel costs per year of 
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Exhibit C..2 
SAMPLE FLEET AOQUISITION/HEPIACEMENT OUTPUT 



Strategy 


Year 


Acquisitions 


Retironents 


Totals ($) Cost 


1 


1 


10 


10 


1,252,374 




2 


10 


10 


1,278,230 




3 


10 


10 


1,272,058 




4 


10 


10 


1.278,730 




5 


10 


10 


1.265.330 


2 


1 


10 


10 


1,272,374 




2 


9 


9 


1,169,359 




3 


6 


6 


837,155 




4 


0 


0 


192,899 




5 


0 


0 


185,067 


3 


1 


0 


0 


183,655 




2 


0 


0 


195,351 




3 


0 


0 


194,699 




4 


0 


0 


205,451 




5 


0 


0 


198,351 
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EXHIBIT C.3 



MAINTENANCE COST CURVE 
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operation, depreciation costs per year of operation, operating reli- 
ability costs per year of operation, and expected years of operation. 
The output is the optimal replacement age. The total annual cost is 
comprised of maintenance, operation, and depreciation costs. The 
average annual cost per mile is derived and the optimal replacement 
strategy is to retire vehicles at the point of the lowest average cost. 
Data from the LCC analysis (see below) assuming a constant mileage of 
40,000 miles per year of operation were used. Exhibit C.4 shews the 
average cost curve. Minimum average cast per mile occurs ct year 13. 
This is a very simple method and its results are comparable to the more 
complex LCC analysis vhen growth in cost and discount effects cancel cut 
or are not considered. 

Life Cyc le Costs (LCC) Analysis 

The objective is to determine the replacement interval that 
minimizes the discc 'alue of future acquisition, operation and 

maintenance costs, h lengthy series of input rsguirenents are required. 
They are: discount rat'*, maintenance cost growth rate, fuel cost growth 
rate, dep^ ^iation cost grrvth rate, operating reliability cost growth 
rate, mile per year of operation, maintenance costs per year of 
operation, operating reliability costs per year of operation, and 
expected y.ars of operation. The output fnr each potential replacement 
interval is the replacement miles, the discounted maintenance, fuel, 
depreciation and operation reliability costs and the life cycle costs 
per life mile. 

The method considers other cost elements in the bus life cycle in 
addition to maintenance costs. The bus acquisition cost is represented 
.as depreciation costs per year of the bus life cycle. Relevant 
operational costs are likewise accounted for. Life cycle cost analysis 
e*>3Tunes the per mile discounted cost of the bus cor various assumptions 
of annual, miies, discount rates, and cost growth rates. It basically 
requires relevant costs to be calculated at current prices, adjusts thea 
by -eans of cost growth rates, and discounts total costs to the base 
year, 

Jhaven ( 1978), however, proposes that instead of just discounting 
costs over the life cycle, the tine horizons to be evaluated must be 
sig.uf ijantly longer than *ny of the candidate rep lac en en t intervals. 
ThL3 allows for a comparison of different replacement cycles and also 
everts jut annual costs f ldCcuMt: ions thrt occur in short time horizons 
\iife cycle* repl/cement analysis is a very useful quantitative tool, 
esp*^ lolly if the period under evaluation has irrtyular cost trfiuJs and 
j qreac deal of economic uncertainty. It accounts fo K all relevant 
■ :.-*jfito related to \ *hicie ownership including thne that vary as the 
/•■jars <jo by. LCC evaluates the interaction of effects of replacement 
.ons on various cor\. el^ents incurred throughout the bus life 
and, aside frori replacement analysis, can also evaluate buy/ 
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EXHIBIT C.4 




rehabilitate options as well as bus procurement bid selections. Growth 
and discount rates for all cost c cegories must be determined, however, 
and nuch computational time is inv^vei in deriving the LCC increnents, 
Lifecycle cost analysis is now being used by the National Bus Company 
%hich operates ever 17,000 buses in the United Kingdom. 

Annual Maintenance Cost Limit (AMCL) M ethod 

The objective is to derive annual maintenance cost limits that will 
indicate if a vehicle of specified age should be replaced or be kept for 
another year. The input requirenents are length of planning horizon, 
maximum bus age, purchase costs of a new bus, resale value of a bus at 
specified age at the end of the planning horizon, and the probability 
distribution of annual maintenance costs of a bus of specified age. 
This ^Dproach has been ^plied by Jardine (1976) for heavy duty 
transport vehicles. At the start of the year the expected maintenance 
cost is estimated. If the estimate occeeds the corresponding AMCTj, the 
bus is replaced. Otherwise it can continue operating for the rest of 
the year and the valuation is done new at year's end. Thu derived 
average maintenance cost limits should minimize the expected future 
costs of maintaining and replacing the bus until the planning period 
ends, when it assumed that the vehicle is sold. 

A cost function is deteimined and is e/aluated recursively until 
the initial year of the planning period is rearched. In this case an 
evaluation period of ten years was used as the planning horizon. The 
maximum age limit of a bus was set at 20 years. Buses reaching this age 
are aitcmatically r<splaced. The purchase cost of a bus was the 1981 
estimate of $109,728. Adcfting the double declining depreciation 
policy, the net bock value of the bus at the end of each year of 
cperat i on was as sumed to be its res al e value. The proc edure for 
deriving bus maintenance costs was previously discussed. The seme method 
was adopted but the categories are by bus age regardless of annual 
mileage. A computer program was developed and was used to solve the 
recursive equation. Exhibit C.5 shows the resulting AMCLs from the 
application run. Derivation cf these AMCLs considers the probability 
distribution of maintenance costs as die bus ages. An AMCL of $5C0 
means that no more than this value should be allocated to maintenance 
for a bus of age one. If costs are foreseen to be greater than this at 
the start cf the year, it is worthwhile replacing the vehicle. 

The table also .shows that a bus with eleven years of operation to 
data has an AMCL of zero at the end of the planning period. This is so 
because by then it would reach age 20, the maximim age limit that 
indicates certain replacement. Likewise, a bus of 12 years or more new 
has a starting AMCL of zero. This triggers replacement rather than a 
continued operation for another year. This result is consistent with 
that obtained from the life cycle cost and the average cost analysis. 
One of the weaknesses of pure economic life models is that th&f ignore 
the situation v^ien a bus requires extensive repair before the end of its 
economical life. Contrary to the fixed economical life policy arrived 
at by the average cost or the life cycle cost analysis, this method 
al lows for the evaluation of each bus at the start of the year. 
Replacement occurs only when it would be uneconanical to maintain the 
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Exhibit C.5 
ANNUAL MAINTENANCE COST LIMITS ($00) 



Years Renaming 



Aye NOW 


1 r\ 
10 


9 


8 


7 


6 


5 


4 


3 


2 


1 


i 
1 


5 


12 


14 


15 


22 


26 


21 


26 


23 


21 




12 


14 


15 


22 


26 


21 


26 


23 


21 


21 


J 


14 


15 


22 


26 


21 


26 


23 


21 


21 


27 


4 


15 


22 


26 


21 


26 


23 


21 


21 


27 


30 


c 
3 


2/ 


26 


21 


26 


23 


21 


21 


27 


30 


29 


6 


26 


21 


26 


23 


21 


21 


27 


30 


29 


34 


/ 


21 


26 


23 


21 


21 


27 


30 


29 


34 


53 


8 


26 


23 


21 


21 


27 


30 


29 


34 


53 


39 


9 


23 


21 


21 


27 


30 


29 


34 


53 


39 


39 


10 


21 


21 


27 


30 


29 


34 


53 


39 


39 


39 


11 


21 


27 


30 


29 


34 


53 


39 


39 


39 


0 


12 


0 


0 


0 


0 


0 


0 




0 


0 


5 


13 


0 


0 


0 


0 


0 


0 


0 


0 


5 


12 


14 


0 


0 


0 


0 


0 


0 


0 


5 


12 


14 


15 


0 


0 


0 


0 


0 


0 


5 


12 


14 


15 
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bus a year farther, this approach allows the bus to be utilized for all 
its worth. Premature or very late replacements can be avoided. One of 
its disadvantages would be the significant man hours involved in 
evaluating buses on an individual basis. The model's data requirements 
might need more recordkeeping and analysis. Probability distributions 
of rial nt en an arc e cost oy bus age need to be derived. Although no 
.11 sc cunt and inflation factors have been considered, the recursive 
equation can be modified accordingly. 
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NOTICE 



This document is disseminated under the spor,. ..ship of the 
Department of Transportation in the interest of information 
exchange. The United States Government assumes no liability 
for its contents or use thereof. 

This report is being distributed throug } U.S. Department 
of Transportation's Technology Sharin-' 3 rogram. 

DOT-l-84-42 



37 



DOT-l-84-42 



TEChMIjeLQGV SHARING 

A PROGRAM OF THE U.S. DEPARTMENT OF TRANSPORTATION 



